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ABSTRACT OF THESIS

SYNTHESIS, CHARACTERIZATION AND DEVELOPMENT OF CATALYSTS
FOR CO2 CAPTURE

Fossil fuel and advanced industrialization techniques contribute to global
warming through emissions of greenhouse gases such as CO 2. In order to
mitigate climate change, there is a desperate need to reduce CO2 emissions from
different sources. CO2 capture and sequestration (CCS) play an important role in
these reductions.
Naturally occurring enzymes, e.g., carbonic anhydrase (CA), can catalyze
these reactions in living systems. Much effort has been focused on complexes of
zinc with ligands such as teta, cyclen and tripodal ligands including BIMA and
Trispyrazolylborates. These complexes have many interesting CO2 capture
properties, but maintain toxic perchlorate ions.
We desired to replace them with less hazardous counteranions like BF4- or
PF6-. Our research focused mainly on the synthesis and characterization of Zn,
Co and Cu cyclen and teta complexes that could mimic CA. We also examined
some of these species for catalytic CO2 hydration behavior on wetted-wall
column (WWC) at Center for Applied Energy Research (CAER).
We successfully synthesized and characterized eight new complexes.
These catalysts as CO2 capture systems are more stable have low molecular
weights (compared to CA) and more cost effective than enzymes. In terms of
catalytic activity significant results were obtained only for few of the catalysts
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Chapter 1 Introduction
1.1 CO2 Capture and storage
Climate change is receiving significant attention around the world.
Developing ways to efficiently reduce CO2 (carbon dioxide) emission from
anthropogenic activities is of major importance, especially for the energy
industry. Post-combustion capture (PCC) has been elucidated as a viable
process to reduce CO2 released from fossil fuel-based electricity generation.1
The research groups in CSIRO Molecular and Health Technology and
CAER found aqueous amines as very promising materials for use in the PCC
process, due to their high capacity for CO 2 absorption at low CO2 partial pressure
with economic affordability.1 There are various technologies used to separate
CO2 from flue gas. These include chemical solvent methods, physical absorption
methods, cryogenic methods, membrane systems, biological fixation, and the O2/
CO2 combustion process.2
CO2 is a major source of worldwide concern because of increasing
population causing global warming and greenhouse gas effect. More than six and
a half billion people burn fuel to keep warm, to provide electricity, to light their
homes, to run industry, and for transportation. The burning of fuel produces CO 2,
which is released into the atmosphere and adds a few gigatons of CO 2 to the
atmosphere each year. Hence the CO2 concentrations in the atmosphere have
risen from about 270 parts per million (0.026 %) before the industrial age to
about 380 parts per million (0.038 %) by 2006, 3 a 41 % increase over preindustrial values, and a 31% increase since 1870.3 CO2 is a greenhouse gas, and
the increased concentration of this in the atmosphere definitely influences the
earth's radiation balance. Carbon capture and storage (CCS) is a means of
limiting the contribution of fossil fuel emissions to global warming, based on
capturing (CO2) from large point sources such as fossil fuel power plants, and
store it away from atmosphere by different means. 2 It can also be used to
describe the scrubbing of CO2 from ambient air as a geoengineering technique.

1

1.2 Importance of Catalysts for CO2 capture and storage
To meet the demands mentioned above it is necessary to study CO 2
absorption processes. To discover a catalyst that could enhance the rate of
hydration and dehydration reaction of CO2 is of major importance. Naturally
occurring enzymes, e.g. carbonic anhydrase (CA) and carboxypeptidases, can
catalyze these reactions in living systems, so our basic thought started with
selecting a molecule that could mimic the enzyme carbonic anhydrase.
There is much research done already on molecules such as zinc
complexes

of

teta

(1,5,7,7,12,14,14-hexamethyl-1,4,8,11-

4

tetraazacyclotetradecane), cyclen (1,4,7,10-tetraazacyclododecane) and tripodal
ligands

including

tris(benzimidazolylmethyl)amine

(BIMA)3,5

and

anionic

tris(pyrazolyl)borates.6 We found these complexes very interesting, affordable
and conveniently prepared. We opted for the basic criteria of the catalyst, i.e., it
should mimic the enzyme, be soluble in the solvent, be easy to synthesize and
increase the rate of reaction at room temperature. Also Cu and Co complexes
have been largely studied as the effective ones, so after trying zinc complexes,
we synthesized and tested the Cu and Co complexes too.
We studied the CO2 absorption at CAER in MEA (monoethanolamine)
solution at room temperature and the results were calculated by plotting the CO 2
loading (mol/kg) vs. flux (mol•cm-2•sec-1). Tests mentioned in this research were
conducted in a semi-batch reactor called wetted-wall column (WWC) available at
CAER. CO2 removal efficiencies with different catalysts have been studied in the
similar operation conditions to compare their basic characters in the CO 2
absorption process.
1.3. Intellectual merit and broader impacts of the materials proposed
We chose Zn, Co and Cu cyclen and cyclam complexes, especially Zn
complexes first for the following reasons:7,

8

their similarity in structural,

thermodynamic, and kinetic properties with carbonic anhydrase; the coordination
environments around ZnII ions; their distorted tetrahedral or a square pyramidal
geometry with one water molecule bound to Zn II; pKa value (H2O) between 7.3
and 9.8, which is dependent on the chelate ligands;7 a zinc-bound water
molecule that plays a fundamental role in the catalytic mechanism; and
2

convenient synthesis of ligand with high solubility in the solvent chosen. We were
able to get certain interesting complexes to study the catalytic effect. If the
stability and catalytic efficiency of the catalysts can be proven, the laboratory
studies could then be scaled up for pilot plant studies. The inorganic complexes
would be expected to be much more stable to extremes of heat, pH, impurities
and ionic strength than CA, they have low molecular weights (compared to CA
with molecular weight around 30,000g/mol), and hence the use of the inorganic
catalysts in a capture system should be more cost effective than CA. 9
1.3.1. Problems with CO2 Absorption
Capturing and compressing CO2 requires much energy and would
increase the fuel needs of a coal-fired plant with CCS by 25-40 %.10 These and
other system costs are estimated to increase the cost of energy from a new
power plant with CCS by 21-91%.10 Hence, optimizing the rate of CO2 hydration
(for capture) and dehydration (for release) can reduce the overall costs of energy
production. Copper cyclen perchlorate complexes were found to effectively
increase the CO2 capture flux, but perchlorate salts are potentially explosive. 11
We propose to replace perchlorate with less hazardous tetrafluoroborate or
hexafluorophosphate ions.
1.3.2 Objectives and strategies
1.3.2.1 Selection of the catalyst
A catalyst that mimics carbonic anhydrase may function most efficiently. A
coordinated water that ionizes to a coordinated hydroxide around neutral pH
could be the key to rapid CO2 fixation. A hydrophobic pocket that can hold CO2
may activate the substrate toward hydration. The optimum distance should be
about 3.2 Å from the zinc center.12 Although some of the known model
complexes exhibit a high binding rate for CO2, they may fail to mimic the
characteristic pH profile for the catalytic activity of CA. The catalyst system must
be robust enough to survive several cycles at or above typical operating
temperatures and pressures expected in CO2 capture process.
1.3.2.2 Solubility of the catalyst in the solvent
An appropriate solvent/catalyst pairing is essential to maintaining a high
CO2 concentration near the catalyst’s active site, keeping the catalyst in solution
3

throughout the reaction cycle. Absorption rate, diffusion, solubility and stability of
CO2 in the aqueous or mixed solvent2 all directly affect the reaction rates.
1.3.2.3 Ease of synthesis
A delicate, exotic ligand system will not be suitable for scaling up to
industrial applications. We are choosing ligands that are commercially available
or reliably prepared in a few steps on a large scale. The ligand synthesis must be
cost-effective.
1.3.2.4 Increased kinetics at room temperature
The catalytic activity is characterized by a pKa12 value of ca.7, such that
hydration of CO2 is dominant above pH 7, while dehydration of HCO 3- is
observed below pH 7. It must be possible to optimize both uptake and release
kinetics at reasonable pKa values and temperatures.
1.4. Instrumentation
1.4.1 The wetted-wall column (semi-batch reactor)
Carbon dioxide absorption is frequently tested in a wetted-wall column
(WWC) reactor. In 1995, Mshewa et al. built the first WWC and used it to test the
carbon

dioxide

desorption/absorption with

aqueous

mixtures of

methyl

diethanolamine (MDEA) and diethanolamine (DEA).13 Pioneering work by
Rochelle et al.,14 followed up by some research in India,15 Taiwan and Korea
used the WWC to conduct several experiments to study the carbon dioxide
desorption/absorption with a variety of amines. In 2009, J. Liu et al.2 studied
several aspects of the principles and mechanism of CO 2 hydration, including
catalyst effects, absorption rate, diffusion rate and vapor-liquid equilibrium (VLE)
in WWC reactors in aqueous ammonia solvent system. Our own research
focuses on the development of catalysts, their synthesis, characterization,
inertness, solubility, and a preface measurement of aqueous MEA and CO 2
apparent reaction rate, effect on CO 2 hydration and mass transfer coefficient in
terms of flux.
A wetted-wall column built at the Center for Applied Energy Research,
University of Kentucky, has been used for this research. The main reactor of the
wetted-wall column, depicted in Figure 1.1, was used as the gas-liquid contactor
4

throughout the equilibrium and rate experiments. The contactor is constructed
from a stainless steel tube with a well-defined surface area (60.53 cm2) and a
characteristic liquid film mass transfer coefficient similar to that of a packed
tower. The stainless steel wetted wall, measuring 15.3 cm in height and 1.26 cm
in diameter, is a tube extending from the liquid feed line into the column housing.
The WWC is enclosed in a clear tube as a reaction chamber, enclosed by a
heating jacket to achieve and maintain the experimental temperature. After
contacting with the gas stream, the solution is collected and discharged to a
second reservoir (receiving vessel) for storage and sample collection. A 14 hole
ring sparger is fitted at the gas inlet to evenly distribute the gas flow without
disturbing the liquid film. To solve the problem of the outlet liquid and gas
accumulated at the bottom of the column, a desiccator was placed at the column
base that can make the gas and the liquid outlet to be completely separated and
non-interfering. National Instruments NI LabVIEW 2010 (32-bit) with FieldPoint
software (Version 6.0.5) is used to record the data and to simulate the gas flow
inside the reactor and the inlet gas diffusion. Catalysts were used at a
concentration of 1 mM and compared under similar conditions.
1.4.2 The experimental set up of the semi-batch reactor
The chemical solution of interest is pumped through the inside of the tube,
overflows, and is evenly distributed across the outer surface of the tube. After
collection at the base of the column, the liquid is pumped back to a reservoir.
Gas enters near the base of the column, counter-currently contacting the liquid
as it flows up into the gas outlet. The water bath, with circulation of the water
inside, is used to control the temperature of the inlet gas, liquid and the reactor.
Two reservoirs are used in this system; one is used for the amine solution
storage, and another to collect the solution after gas contact before another
cycle. A Cole-Parmer peristaltic pump at 180 ml/min moves the solution from the
reservoir through a preheater (metal vessel with dip tube and packed with metal
mesh) immersed in the heating bath that is also maintained with a gas
headspace to dampen pump flow oscillation. The total pressure used in this work
was around 1 to105 psi. To minimize gas film resistance, the gas flow rate was
5

approximately 6.24 to 12.0 SLPM. A 20.0 SLPM mass flow controller is used to
meter nitrogen flow. The CO2 flow rate is metered with a 5.00 SLPM mass flow
controller. All the valves in the gasoline are used to adjust the pressure in the
reactor from 1 to105 psi. The metered gases were mixed prior to entering the
WWC. After exiting the contactor, excess water was removed by passing the
stream through a intermediate tank for liquid is to allow good drainage (no
pooling at column base) followed by an acid trap that is used for preventing any
downstream reaction where CO2 is capture in the gas phase. A drying column
filled with silica was used to remove the remaining moisture and to prevent
interference of water with the CO2 measurement. Because gas metered in is dry
for difference calculation gas measured out must be dry. The Horiba VIA-510
NDIR CO2 Analyzer was used to measure the CO2 concentration of the dry gas
with infrared spectroscopy.
The WWC was used for the study of the absorption rate, diffusion, and
solubility of CO2 in the aqueous solution. In this research the reaction rate and
overall gas transfer coefficient in terms of flux and CO2 loading per mol/kg were
studied.

6

Figure 1.1. The experimental set up of the semi-batch reactor.
1.5 General Introduction of the research
The main focus of this research is on the synthesis and characterization of
CO2 hydration catalysts and testing their efficacy in WWC reactor.

7

Figure 1.2. Ligands used for CO2 hydration catalysts
We worked with three different ligands for this research (Figure 1.2). My
thesis mainly focuses on the teta and cyclen complexes, their characterization
and hydration reaction with CO2, with a secondary interest in NTB complexes.
We started by synthesizing the macrocyclic ligand 5,7,7,12,14,14hexamethyl-1,4,8,11-tetraazacyclotetradeca-11,14-diene,

first

described

by

Curtis, according to Scheme 1.1.16 We reduced the diene with sodium
borohydride

to

obtain

5,7,7,12,14,14-hexamethyl-1,4,8,11-

tetraazacyclotetradecane (teta) accordingly.16 Both the diene ligand and teta
were characterized by comparison with the literature melting points, IR and 1H
NMR spectra.

8

Scheme 1.1. Synthesis of teta (5,7,7,12,14,14 -hexamethyl-1,4,8,11tetraazacyclotetradecane)
The zinc ion was inserted into teta by using hydrated Zn II salts17 followed
by

precipitation

with

ammonium

hexafluorophosphate

tetrafluoroborate according to Scheme 1.2.

9

or

ammonium

Scheme 1.2. Synthesis of [Zn(teta)(CH3COO)]PF6 (1), [Zn(teta)(NO3)]PF6
(2a), [Zn(teta)(NO3)]BF4 (2b) and [Zn(teta)(H2O)2](BF4)2 (3b).
Our first targets were the zinc aqua (either mono or di) complex with
hexafluorophosphate or tetrafluoroborate counterion, following the literature
method given for the zinc aqua complex with perchlorate18 as the counterion.
When we used zinc acetate dihydrate to insert the zinc ion into the ligand,
10

we obtained [Zn(teta)(CH3COO)](PF6), which was characterized by single-crystal
X-ray diffraction, TGA and IR. Similarly when we used zinc nitrate hexahydrate,
we obtained [Zn(teta)(NO3)](PF6), which was also characterized by single-crystal
X-ray diffraction, MS and TGA. The acetate and nitrate ions both bound the zinc
ion in a dihapto (κ 2-O, O) mode. We then prepared the zinc dichloride complex
with the intention of abstracting the chlorides with AgBF 4 or TlBF4.19
When we tried to get our targeted zinc teta diaqua complexes with
tetrafluoroborate counterions, we realized that it is not easy to abstract the
chloride ligand to get the target compound using AgBF4, since, even after trying
various solvents the compound seems to be impure consisting of two compounds
i.e., the target complex and the chloride salt of the protonated ligand. We tried to
overcome this problem using the severe reflux conditions and utilize the
advantage of difference in their solubility’s, but we were not able to obtain a pure
compound. So the other alternative we chose was, to use tetrafluoroborate salt of
it.
The direct use of hydrated Zn, Cu and Co tetrafluoroborates as well as
zinc triflate led more simply to teta complexes with noncoordinating counterions
according to Scheme 1.3, following the known procedure.20, 21
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Scheme 1.3. Synthesis of [Zn(teta)(H2O)2](BF4)2 (3b), [Cu(teta)](BF4)2 (4),
[Zn(teta)(CF3SO3)2] (5) and [Co(teta)(CO3)] (6).
We worked initially with only zinc teta complexes, followed by different
metals (Zn, Co and Cu), counterions (PF6-, BF4-) and were able to get enough
complexes of teta to compare the various effects of the metals and counterions
on CO2 absorption21 using wetted-wall column at CAER. Most of these
complexes were tested, on WWC built for the study of the absorption rate,
diffusion, and solubility of CO2 in the aqueous solution.2
We also worked with the simpler, commercially available tetramine,
1,4,7,10-tetraazacyclododecane (cyclen). Initial results by Remias and coworkers
suggested that cyclen complexes accelerated CO2 hydration. We studied the
12

complexes [M(cyclen)]2+(X-)2 (Scheme 1.4, M = Zn, Cu, Co; X- = BF4-, PF6-) to
determine the effects of the metal and counterion on CO 2 hydration catalysis.

Scheme 1.4. General scheme for the synthesis of cyclen complexes with
divalent metal salts.
Remias and coworkers suggested that [Cu(cyclen)](ClO4)2 was a
particularly promising CO2 hydration catalyst. Based on these results we turned
to [M(cyclen)]2+ with PF6-, and BF4- counterions in order to avoid the potentially
explosive perchlorate salts. We synthesized zinc, copper and cobalt complexes
with cyclen according to Scheme 1.5.
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Scheme 1.5. Synthesis of cyclen complexes with divalent salts of Zn, Cu
and Co metals.
We initially attempted to synthesize [Cu(cyclen)(H2O)](BF4)222 from
Cu(BF4)2•xH2O and cyclen but we obtained a blue compound that didn’t produce
crystals of X-ray quality. Based on the TGA, IR and elemental analysis we
assigned the structure as [{Cu(cyclen)}2(H2O)(CO3)](BF4)2 (7a).22,23 Similar
reactions of Zn(BF4)2•XH2O and Co(BF4)2•XH2O with cyclen gave white,
crystalline [{Zn(cyclen}3(µ-CO3)](BF4)4•(H2O) (8)

24,25

and brown, crystalline

[Co(cyclen)(H2O)(OH)(µ-CO3)](BF4)4•(CH3OH) (9)24 as shown in Scheme 1.5
The Zn cyclen complex was characterized by single-crystal X-ray, TGA and IR
and Co cyclen complex was characterized by TGA, IR and elemental analysis.
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To overcome the problem with the Cu-cyclen complex we tried another route to
get the desired complex as shown in Scheme 1.6.

Scheme 1.6. Synthesis of cyclen complexes with Cu II acetate.
We also worked with Zn and Cu complexes of the BIMA ligand and
generated [Zn(NTB)(H2O)2](BF4)2 according to the literature, as well as
[{Cu(NTB)}2(H2O)](BF4)2SiF6•(CH3OH)3•(H2O)11, which was characterized by
using single-crystal X-ray, TGA and elemental analysis.
1.6. Summary and continuing project
In this way we synthesized the complexes initially with teta and anhydrous
salts of zinc followed by tetrafluoroborate salts of divalent metal ions (Zn, Cu and
Co). Then for the different ligand study we used cyclen and NTB. We
synthesized only two complexes with NTB. All of these complexes are prepared
using the same procedure16.We planned to characterize them with mostly with
15

TGA, IR and elemental analysis and single-crystal X-ray based on the nature of
the complex and will be testing them for CO2 hydration reaction at CAER using
the standard regular conditions in the continuing project
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Chapter 2. Synthesis and characterization of teta, cyclen and NTB
complexes
2.1 Introduction
The catalytic mechanism of Carbonic anhydrase (CA) can be discussed
from pH dependences of the catalytic activity. The most widely accepted catalytic
mechanism as suggested by Christianson and Fierke26 is shown in (Figure 2.1).
Mostly the zinc complexes that mimic CA in their structure follow this type of
mechanism.

Figure 2.1. Catalytic mechanism of Carbonic anhydrase26
A number of ZnII complexes and several examples of complexes of
divalent cobalt, copper and nickel ions have been prepared as models for
carbonic anhydrase II by Ge et al., Nakata et al.,27 Zhang et al.,28 and
Vahrenkamp.5 Ge et al.29 have published studies on the kinetics of the catalyzed
dehydration of HCO3− by ZnII containing tripod complexes at 25 °C in aqueous
solvent and observed that the pH-profile of rates of the dehydration reactions
indicates that only the aqua complex catalyzes the dehydration of HCO 3− via a
ligand substitution process. Thus far the most successful model complexes have
employed CoIII

30

or CuII ions,31 which however are not common in those
17

enzymes.

A

number

of

other

simple

zinc

complexes

like

1,5,9-

triazacyclododecane-([12]aneN3) prepared by Kimura et al.,31 modeled on
carbonic anhydrase, have been shown to activate the bound ligand water
molecule for nucleophilic attack towards CO2. Also Zhang et al.12 in their studies
showed that the catalytic activity of [Zn(cyclen)(OH)]+ with perchlorate counterion
is the highest of all of their studied model complexes and reaches almost onethird of the activity of the carbonic anhydrase variant III. Therefore we focused
mainly on synthesizing the aqua complexes of Zn, Cu and Co. Both the CA
enzyme and the zinc complex catalysts show a analogous behavior of catalysis,
but the CA enzyme is faster due to some supplementary catalytic enhancing
features that are not present in the smaller basic inorganic complexes including
the proton shuttle mechanism within the protein of CA. 9
We synthesized and studied mostly the zinc complexes, few copper and
cobalt complexes with teta and cyclen ligands to see the metal effect and the
ligand effect, also studied the water-insoluble imidazole ligand, tris(2benzimidazolylmethyl)amine (L1) ligand and its zinc complex [L1Zn(OH2)]2+ with
BF4- similar to one with PF6- counter ion characterized and reported in the
literature.26 According to Davy et al.9 ZnII complexes with nitrilo-tris-(2benzimidazoylmethyl-6-sulfonic acid), was able to catalyze the capture of CO 2 at
a rate extrapolated almost to an order of magnitude of that of CA. We have
applied all of these complexes to study the CO2 hydration reaction in MEA as the
structural and functional model compound for CA. We first synthesized the teta
complexes of Zn followed by other metals and similarly we followed the same
method for the cyclen complexes.
2.1.1 Complexes of teta with hydrated salts of Zn II
These complexes were synthesized by the reaction of teta with various
hydrated salts of ZnII ions. Also we attempted to synthesize the aqua complexes,
[Zn(H2O)x(teta)]2+ (x = 1 or 2) using chloride salt to remove the inhibiting effect of
coordinated nitrate or acetate.
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2.1.2 Complexes of Zn, Cu, Co with teta and cyclen using tetrafluoroborate
and zinc triflate salts
Reaction of Zn(BF4)2•xH2O, Cu(BF4)2•xH2O Co(BF4)2•6H2O salts with
teta in methanol following the procedure14,12 gave their corresponding metals
complexes and similarly the reaction of Zn(CF3SO3)2•xH2O gave the zinc triflate
complex. Reaction of the above hydrated tetrafluoroborate salts with cyclen also
gave their corresponding metals complexes of cyclen.
2.1.3 Complexes of Zn, Cu and tris-(2-benzimidazoylmethyl)amine (NTB)
with tetrafluoroborate salts
The reaction of NTB ligand with the different hydrated tetrafluoroborate
salts of ZnII and CuII ions gave Zn NTB complex32 and Cu-BIMA complex using
methanol as the solvent.
2.2 Experimental Section
Materials
Reactions were carried out under nitrogen. 5,7,7,12,14,14-Hexamethyl1,4,8,11-tetraazacyclotetradecane

(teta)

was

prepared

by

using

known

procedures.33 CDCl3, acetone-d6, DMSO-d6 and D2O (Cambridge isotopes).
Reagent grade solvents (acetone, acetonitrile, methanol, ethanol) were used as
obtained commercially. Other reagents were obtained from commercial sources
and used without further purification 1,4,8,10-Tetraazacyclododecane (Strem
Chemicals), Zn(CH3COO)2•2H2O and Zn(NO3)2•6H2O (Mallinckrodt), ZnCl2 and
NaBH4 (EMD), 1,2-diaminoethane and hydrobromic acid (Aldrich), NH4BF4 (Alfa
Ventron),

NH4PF6

(Advanced

Research

Chemicals),

Cu(CH3COO)2•2H2O(Mallinckrodt), AgBF4 and TlPF6 (Ozark Fluorine Specialists)
Zn(CF3SO3)2,

Zn(BF4)2•xH2O,

Cu(BF4)2•xH2O,and

Co(BF4)2•xH2O(Sigma

Aldrich). nitrilotriacetic acid (Acros Organics) and phenylenediamine (Aldrich).
Melting points were recorded on a Thomas-Hoover melting apparatus. TGA
analyses were done on Thermal Analysis Hi-Res TGA 2950 instrument. In a
typical run 10-15 mg of the sample was loaded in a platinum pan. For all the
analyses, a Hi-Res dynamic ramp 12.5 °C min-1, Hi-Res 4.0, RT to 1000 °C was
used under constant argon flow (65 mL/min). Infrared spectra of solid complexes
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were recorded in ATR mode between 4000 and 400 cm-1on a Perkin-Elmer
Paragon 1000 FT-IR spectrophotometer. 1H and 13C NMR spectra were recorded
on a Varian Gemini 400 spectrometer at room temperature unless mentioned
otherwise and were referenced to residual solvent peaks. Mass spectrum was
acquired by the University of Kentucky mass spectrometry facility. Highresolution electron impact (EI) ionization mass spectra were recorded at 25 eV
on JEOL JMS-700T station and were referenced to perfluorokerosene (PFK).
FAB-mass spectra were obtained on a Finnigan Polaris Q in EI mode via direct
insertion probe. The accelerating voltage was 10 kV, and compounds were used
directly. The mass spectrometer was operated in positive ion mode and mass
spectra were calibrated by Alkali-CsI positive. X-ray diffraction data was collected
on at 90K on either a Nonius Kappa CCD diffractometer or a Bruker-Nonius X8
Proteum diffractometer. Crystal indexing and data processing were performed
either with

DENZO-SMN

(KappaCCD) or with Bruker APEX2 (X8 Proteum). The

structures were solved with shelxs-97 and refined with shelxs-97. Elemental
analyses were performed at the Center for Applied Energy and Research at
University of Kentucky.
2.3 Synthesis of Ligands
2.3.1 5,7,7,12,14,14-Hexamethyl-1,4,8,11-tetraazacyclotetradecane (teta).16
1,2-Diaminoethane dihydrobromide
A solution of 1,2-diaminoethane (10 mL, 0.15 mol) in methanol (100 mL)
was cooled in an ice bath, and concentrated (49 %) hydrobromic acid (34 mL,
0.32 mol) was added dropwise. The white precipitate was filtered off. A second
crop was isolated by addition of ether to the filtrate. The product was washed
with n-butanol then ether, and dried in vacuo.
5,7,7,12,14,14-Hexamethy1,4,8,11-tetraazacyclotetradeca-4,11-diene (trans[1,14-diene) dihydrobromide dihydrate
To the solution of 1,2-diaminoethane dihydrobromide (11.1 g, 0.05 mol) in
acetone (100 mL) 1,2-diaminoethane (3.0 g, 0.05 mol) was added. The mixture
was stirred and heated at 45 °C for 45 min, during which time a copious white
precipitate of the macrocycle dihydrobromide formed. 16,17 The solution was
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cooled and the product filtered off, washed with ice-cold acetone then ether, and
dried in vacuo m.p.105 °C (lit.,107-108 °C decomp.)
teta dihydrate
Trans-1,14-diene dihydrobromide dihydrate (16 g) was dissolved in
methanol (200 mL), and sodium borohydride (3 g) was added in small portions to
the warmed solution. The solution was heated on a water bath until
effervescence ceased. Potassium hydroxide solution (2 M) was then added until
the mixture was basic to litmus (pH 12), and the solution was cooled to room
temperature and filtered. Approximately 50 % of the methanol was evaporated off
and the resulting solution cooled in an ice-bath. Fine crystals of teta16 slowly
formed; this was filtered off and washed with water. This fraction was essentially
pure teta dihydrate with m.p. 145-147 °C (lit., 146-148 °C).
2.3.2 Tris-(2-benzimidazoylmethyl)-amine NTB
Tripod, L1, Tris-(2-benzimidazoylmethyl)-amine was synthesized from ophenylenediamine and nitrilotriacetic acid by the method described by Thompson
et al.32 Nitrilotriacetic acid (15.3 g, 0.08 mol) and o-phenylenediamine (27 g, 0.25
mol) were finely ground and heated together at 200 °C in an oven. The reaction
mixture was cooled, crushed dissolved in methanol, decolorized by boiling with
charcoal, filtered hot and then the volume was reduced with the product
crystallizing out in 50 % yield.
2.4 Teta complexes
2.4.1 Synthesis of [Zn(teta)(CH3COO)]PF6 (1)
Teta (2.00 g, 7.03 mmol) was added to Zn(CH3COO)2•2H2O (0.770 g, 3.50
mmol) in 30 mL of methanol and heated at reflux under nitrogen at 60 °C for 1
h.17 The solution was allowed to cool to room temperature and was then filtered.
The volume was reduced to 25 % by evaporating the solution on a hot water
bath. After the solution was cooled room to temperature, a saturated solution of
NH4PF6 (1.71 g, 10.5 mmol) in water (1.00 mL) was added to it. The mixture was
stirred for 30 min and the white precipitate was filtered and washed with water.
The compound was recrystallized from methanol/water (955), filtered, washed
with ethyl ether, and dried in vacuo to give a white solid (1.40 g, 72.5 % yield). IR
21

(ATR, cm-1) 3299 (NH), 3286 (NH), 1567 (CO), 817 (PF6). 1H NMR (400 MHz,
acetone-d6, ppm) δ1.19 (s, 6 H), 1.20 (d, 6 H), 1.35 (s, 6 H), 1.36 (dd, 2 H), 1.83
(s, 3 H), 1.87 (dd, 2 H), 2.63 ( td, 4 H) 2.76 ( t, 2 H), 3.05 ( dt, 2 H), 3.21 (m, 2H),
3.27 ( dt, 4 H).
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C 1H NMR (400 MHz, acetone-d6, ppm) 21.36, 22.91, 27.41,

28.92, 42.08, 44.13, 46.16, 52.07, 54.70, and 179.50. mp 179-181 °C (d). The
product was characterized by an X-ray diffraction study.
2.4.2 Synthesis of [Zn(teta)(NO3)]PF6 (2a)
Teta (2.09 g, 7.34 mmol) was added to Zn(NO 3)2•6H2O (1.28 g, 4.30
mmol) in 40 mL of methanol and refluxed at 60 °C under nitrogen for 1 h. The
solution was allowed to cool to room temperature and was then filtered. The
volume was reduced to 25 % by evaporating the solution on a hot water bath.
After the solution was allowed to stand at room temperature, a saturated solution
of 1.5 equivalent of NH4PF6 (1.79 g, 11.0 mmol) in water (2.00 mL) was added to
it. The mixture was kept for stirring for 30 min and the white precipitate was
filtered and washed with water. The compound was recrystallized from
acetonitrile and ether, filtered washed with ethyl ether and dried in vacuo to give
a white solid (1.99 g, 95 % based on limiting reagent). IR (ATR, cm-1) 3281 (NH),
3226 (NH), multiple bands in the range of ~1350-1390 (NO3) broad peak ~830
(PF6). Mass spectrum shows peak at m/z 410 (calc. 409 for ZnC16H36N5O3+). The
product was characterized by an X-ray diffraction study.
2.4.3 Attempted synthesis of [Zn(teta)(NO3)]BF4 (2b)
Teta (2.01 g, 7.06 mmol) was added to Zn(NO 3)2•6H2O (1.21 g, 4.08
mmol) in 40 mL of methanol and refluxed at 60 °C under nitrogen for 1 h. The
solution was allowed to cool to room temperature and was then filtered. The
volume was reduced to 25 % by evaporating the solution on a hot water bath.
After the solution was allowed to stand at room temperature, a saturated solution
of 1.5 equivalent of NH4BF4 (1.11 g, 10.56 mmol) in water (1.00 mL) was added
to it. The mixture was kept for stirring for 30 min and the white precipitate was
filtered and washed with water. The compound was recrystallized from
acetonitrile and ether, filtered, washed with ethyl ether and dried in vacuo to give
a white solid (1.49 g, 85 % based on limiting reagent). IR (ATR, cm-1): 3217
22

(NH), 3197 (NH), multiple bands in the range of ~1350-1390 (NO3) and a broad
peak ~1030 (BF4).
2.4.4 Synthesis of [ZnCl(teta)(H2O)]Cl (3)
Anhydrous ZnCl2 (0.64 g, 4.71 mmol) was dissolved in 5 mL of ethanol,
and teta (1.33 g, 4.70 mmol) was dissolved in another 5 mL of ethanol. Both
solutions were filtered and then combined. The resulting solution clouded and a
white precipitate formed11 which was filtered washed with ethanol and dried in
vacuo. IR (ATR, cm-1) 3546 (OH), 3153 (NH), 3105 (NH), 816 (ZnCl).
2.4.4.1 Attempted synthesis of [Zn(teta)(H2O)2](BF4)2 (3a)
A saturated solution of 2.0 equivalent of AgBF 4 (0.85 g, 4.46 mmol) in
methanol was added to [ZnCl(teta)(H2O)]Cl (1.02 g, 2.29 mmol) and the solution
was kept in the dark for 20 min, and stirred for 30 min. Then the solution was
filtered and the filtrate was evaporated on rotary evaporator and dried under
vacuum to give a white solid. The compound was recrystallized using methanol
and dried in vacuo. (1.12 g, 87.3 % based on limiting reagent). IR (ATR, cm-1):
3153 (NH), 3105 (NH), 1025 (BF4). Mass spectrum shows peak at m/z 385 (calc.
386 for ZnC18H40N4O2+).
2.4.4.2 Synthesis of [Zn(teta)(H2O)2](BF4)2 (3b)
Teta (2.50 g, 8.81 mmol) was dissolved in 25 mL methanol and added to
the warm solution of Zn(BF4)2•xH2O (2.09 g, 8.80 mmol) in another 25 mL of
methanol and refluxed at 60 °C under nitrogen for 1 h. The solution was allowed
to cool to room temperature and was then filtered. The volume was reduced to
25 % by evaporating the solution on a hot water bath. After the solution was
allowed to stand at room temperature for overnight, the white precipitate was
filtered and washed with methanol. The second crop of the material was obtained
by evaporating the filtrate on a rotary evaporator at 55 °C.8 The compound was
recrystallized from ethanol and water (99:1), filtered washed with ethyl ether and
dried in vacuo to give a white solid. (3.45 g, 74.8 % based on limiting reagent).
Anal. calcd. for C16H40N4O2 B2F8Zn: % C 34.3, % H 7.2, % N 10.0. Found: % C
34.1, % H 6.7, % N 10.9. IR (ATR, cm-1): 3545(OH), 3274 (NH), 3213 (NH),
~1035 (BF4).
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2.4.5 Synthesis of [Cu(teta)](BF4)2 (4)
Teta (2.09 g, 7.01 mmol) was dissolved in 25 mL methanol and added to
warm solution of Cu(BF4)2•xH2O (1.68 g, 7.01 mmol) in 25 mL of methanol and
refluxed at 60 °C under nitrogen for 1 h. The solution was allowed to cool to room
temperature and was allowed to stand for 30 min and then filtered. Magenta
crystals were formed (1.22 g) and washed with methanol. The filtrate was kept
overnight, filtered and was refluxed again at 60 °C under nitrogen for 1 h. After
that the solution was allowed to stand at room temperature overnight. 34 Deep
blue crystals were filtered and washed with methanol. Both the compounds were
recrystallized from methanol and water (99:01), filtered washed with ethyl ether
and dried in vacuo to give solids. The theoretical yield for magenta and blue
complexes were (1.12 g, 0.28 g ~38.3 % total yield based on limiting reagent)
and IR (ATR, cm-1): 3237 (NH), 2976 (CH), broad peak ~1035 (BF4). The
product was characterized by an X-ray diffraction study.
2.4.6 Synthesis of [Zn(teta)(CF3SO3)2] (5)
Teta (1.50 g, 5.28 mmol) dissolved in 25 mL methanol was added to warm
solution of Zn(CF3SO3)2•xH2O (1.92 g, 5.28 mmol) in 25 mL of methanol and
refluxed at 60 °C under nitrogen for 1 h.8 The solution was allowed to cool to
room temperature and was then filtered. The volume was reduced to 15 % by
evaporating the solution on a hot water bath. After the solution was allowed to
stand at room temperature overnight, and the white precipitate was filtered and
washed with methanol. The second crop of the material was obtained by
evaporating the filtrate on rotatory evaporator at 55 °C. The compound was
recrystallized from methanol and water (99:1), filtered washed with ethyl ether
and dried in vacuo to give a white solid (1.10 g, 29.6 % based on limiting
reagent). IR (ATR, cm-1): 3244 (NH), 2976 (CH), 1374 asymm. stretch ~1180
symm. stretch (S=O), multiple bands in the range of ~1100-1350 (CF3). The
product was characterized by an X-ray diffraction study.
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2.4.7 Synthesis of [Co(teta)(CO3)] (6)
Teta (2.00 g, 6.25 mmol) was dissolved in 25 mL methanol was added to
warm solution of Co(BF4)2•6H2O (2.13 g, 6.25 mmol) in another 25 mL of
methanol and refluxed at 60 °C under nitrogen for 1 h. The solution was allowed
to cool to room temperature and was then filtered. The volume was reduced to
25 % by evaporating the solution on a hot water bath. After the solution was
allowed to stand at room temperature for overnight, the light brown precipitate
was filtered and washed with methanol. The second crop of the material was
obtained by evaporating the filtrate on a rotary evaporator at 55 °C. 8 The
compound was triturated with pentane, recrystallized from methanol and water
(99:1), filtered washed with ethyl ether and dried in vacuo to give a light brown
solid. (1.55 g, 63.4 % based on limiting reagent). IR (ATR, cm-1): 3227 (NH),
3187 (NH), 2974 (CH), ~1602 (C=O) multiple bonds around ~1410-1490 (CO3).
The product was characterized by an X-ray diffraction study.
2.5 Cyclen complexes with fluoroborate salts
2.5.1 Synthesis of [{Cu(cyclen)(H2O)}2(µ-CO3)](BF4)223 (7a)
Cyclen (1.01 g, 5.80 mmol) dissolved in 30 mL methanol was added to
warm solution of Cu(BF4)2•xH2O (1.39 g, 5.81 mmol) in 30 mL of methanol and
refluxed at 60 °C under nitrogen for 1 h. The solution was allowed to cool to room
temperature and was then filtered. The volume was reduced to 25 % by
evaporating the solution on a hot water bath. After the solution was allowed to
stand at room temperature for overnight, the deep blue precipitate formed was
filtered and washed with methanol. The second crop of the material was obtained
by evaporating the filtrate on a rotary evaporator at 55 °C. The compound was
recrystallized from methanol and water (99:01), filtered washed with ethyl ether
and dried in vacuo to give a deep blue solid (2.14 g, 49.8 % based on limiting
reagent). IR (ATR, cm-1): 3628 (OH), 3359 (NH), 3296 (NH) multiple peaks
between ~1410-1490 (CO3) and ~1030 (BF4). Elemental analysis data: (Anal.
Calcd for C17H42N8O4B2F8Cu2: % C 27.55, % H 5.98, % N 15.11. Found: % C
28.16, % H 6.02, % N 15.60).
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2.5.2 Synthesis of [{Zn(cyclen)}3(µ-CO3)](BF4)4•(H2O) (8)24
Cyclen (1.50 g, 8.80 mmol) dissolved in 25 mL methanol was added to
warm solution of Zn(BF4)2•xH2O (2.10 g, 8.81 mmol) in 40 mL of methanol and
refluxed at 60 °C under nitrogen for 1 h according to the procedure given in
literature.25 The solution was allowed to cool to room temperature and was then
filtered. The volume was reduced to 25 % by evaporating the solution on a hot
water bath. After the solution was allowed to stand at room temperature, for
overnight the white precipitate was filtered and washed with methanol. The
second crop of the material was obtained by evaporating the filtrate on a rotary
evaporator at 55°C. The compound was recrystallized from methanol and water
(99:1), filtered washed with ethyl ether and dried in vacuo to give a white solid
(3.04 g, ~30.3 % based on limiting reagent). IR (ATR, cm-1): 3621 (OH), 3324
(NH), 3321 (NH), multiple peaks around ~1410-1490 (CO3), ~1030 (BF4).
Elemental analysis data : Anal. calcd for C25H62N12O4B4F16Zn3 : % C 26.4, %
H 5.5, % N 14.8. Found : % C 27.3, % H 5.9, % N 15.6. The product was
characterized by an X-ray diffraction study.
2.5.3 Synthesis of [Co(cyclen)(OH)(H2O](BF4)2•(CH3OH) (9)
Cyclen (1.01 g, 5.80 mmol) dissolved in 30 mL methanol was added to
Co(BF4)2•xH2O (1.39 g, 5.81 mmol) in 30 mL of methanol and refluxed at 60 °C
under nitrogen for 1 h. The solution was allowed to cool to room temperature and
was then filtered. The volume was reduced to 25 % by evaporating the solution
on a hot water bath. After the solution was allowed to stand at room temperature,
the mixture was kept overnight and the dark brown precipitate was filtered and
washed with methanol. The second crop of the material was obtained by
evaporating the filtrate on a rotary evaporator at 55 °C. The compound was
titrated with pentane and recrystallized from methanol, filtered washed with ethyl
ether and dried in vacuo to give a dark brown solid (1.84 g, 67.2 % based on
limiting reagent). IR (ATR, cm-1): 3571(OH), 3305 (NH), 3230 (NH), ~1000(BF).
Elemental analysis data: Anal. calcd. for C9H27N4O3B2F8Co: % C 22.9, % H 5.8,
% N 11.9 Found : % C 23.1, % H 5.1, % N 11.8.
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2.5.4 Synthesis of [Cu(cyclen)(H2O)](PF6)2 (7b)
Cyclen (2.09 g, 7.34 mmol) was added to Cu(BF4)2•xH2O (1.28 g, 4.30
mmol) in 60 mL of methanol and heated at reflux 60 °C under nitrogen for 1 h.
The solution was allowed to cool to room temperature and was then filtered. The
volume was reduced to 25 % by evaporating the solution on a hot water bath.
After the solution was allowed to stand at room temperature, a saturated solution
of NH4PF6 in water (2.00 mL) was added drop wise to it. The mixture was kept for
stirring for 30 min and the deep blue precipitate was filtered and washed with
water. The compound was triturated with pentane, recrystallized from methanol,
filtered washed with ethyl ether and dried in vacuo to give a deep blue solid (1.99
g, 95.2 % based on limiting reagent). IR (ATR, cm-1): 3153 (NH), 3105 (NH), 824
(PF6).
2.6 Complexes of NTB
2.6.1 Synthesis of [{Cu(NTB)}2(H2O)](SiF6)(BF4)2•(CH3OH)3•(H2O)11 (10)
NTB (1.05 g, 2.58 mmol) dissolved in 50 mL methanol was added to warm
solution of Cu(BF4)2•xH2O (0.613 g, 2.58 mmol) in another 25 mL of methanol.
The solution turned dark green, and was refluxed at 60 °C under nitrogen for 1 h.
The solution was allowed to cool to room temperature and was then filtered. The
volume was reduced to 5 % by evaporating the solution on rotatory evaporator.
After that the compound was dried under vacuum, triturated with pentane,
recrystallized from methanol and water (99:1), filtered washed with ethyl ether
and dried in vacuo to give a lime green solid. (1.55 g, 38.2 % based on limiting
reagent). IR (ATR, cm-1): 3642 (OH) broad peak at 3353 multiple (OH), and
multiple (NH), ~1032 (BF4). The product was characterized by an X-ray
diffraction study. Elemental analysis data: Anal. calcd. for C51.35 H78 B2 Cu2 F14
N14 O14.83 Si: % C 39.16, % H 4.96, % N 12.46. Found: % C 40.26, % H 3.81, %
N 12.26.

2.7 Results and Discussion
The
preparation

of

tetraazacyclotetradeca-4,11-diene

and

5,7,7,12,14,14-hexamethyI-1,4,8,11its

reduction

were

confirmed

by

comparison with published data.16,17 The IR spectra showed a prominent imine
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C=N peak at 1665.8 cm-1 that disappeared in teta (Figure 2.2), rest of the peaks
remained the same. The melting point of the diene was 110 °C, similar to
literature (107-108 °C). The NMR spectrum (Figure 2.3) showed a peak at 1.40
ppm due to the 7, 14-methyl groups and a peak at 1.98 ppm due to the 5,12methyls of the meso isomer. There are three distinct methylene resonances: a
broad multiplet at 3.58 ppm for the 3,10-methylene protons broadened by the
quadrupole moment of the nitrogen atoms, a broad peak at 3.31 ppm for the
6,13-methylene protons, and a multiplet at 2.71 ppm for the 2,9-methylene
protons.17 The formation of teta was proved by the disappearance of the imine
peak at 1665.58 cm-1 in IR spectra of teta, also the melting point of the
compound was 106 °C similar to the literature.16 This teta produced was used as
a starting material for all of the teta complexes prepared so far. 16,17 We
characterized

several

teta

complexes

by

using

single-crystal

X-ray

crystallography.

Figure 2.2. Comparison of IR of teta with 5,7,7,12,14,14-hexamethyI-1,4,8,11tetraazacyclotetradeca-4,11-diene.
The formation of acetate complex [Zn(teta)(CH3COO)]PF6 (1) was
confirmed by TGA, IR and single-crystal X-ray diffraction. TGA showed the
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prominent loss of 10.42 % at 278.46 °C for the acetate ion, 68.40 % at 301.8 °C
corresponding to mass loss of ligand and a counterion, and a residue of 14.07 %
for ZnO (Figure 2.3). The infrared spectrum also confirmed the bonding of
acetate ion with a CO frequency at 1560 cm-1 and broad PF6 peak at 824 cm-1. A
single-crystal structure X-ray diffraction study (Figure 2.4) confirmed the
structure. Overall, the geometry is pseudo-trigonal bipyramidal at zinc with an
axial N2-Zn1-N4 angle of 174.13(8) ° and an equatorial N1-Zn1-N3 angle of
105.66(8) °. The acetate occupies the third equatorial site with an O1-Zn1-O2
angle of 59.91(7) °. The acetate is asymmetrically k 2-O,O-bonded to Zn1 with
bond distances of Zn1-O1 = 2.1198(18) Å and Zn1-O2 = 2.2824(18) Å.
Surprisingly, the structure of [Zn(teta)(CH3COO)]ClO4 shows a k1-O acetate ion
with Zn-O1 of 1.997(3) Å but Zn-O2 unreported.35 The NMR spectrum showed
two singlets for 12 protons at 1.19 and 1.35 ppm due to the 7,14-methyl groups,
another singlet at 1.20 ppm due to the 5,12-methyls of the meso isomer and a
peak at 1.83 ppm for methyl group of the acetate ion. There are two distinct
methylene resonances showing a triplet of doublet at 2.63 ppm for the 3,10methylene protons and the other doublet of triplet at 3.27 ppm for the 2,7methylene protons, and the two distinct protons of methylene group at 6 position
show two doublet of doublets at 1.36 and 1.87 ppm. The two protons at 9,12
positions shows a broad multiplet at 3.21 ppm, and finally the protons on two
different N atoms at 1,8 positions are showing peak at 2.76 ppm, 3.05 ppm for 4,
10 positions. Similarly the

13

C, 1H1 NMR is showing 10 distinct peaks for ten

different carbon atoms as follows: two peaks at 21.36 ppm and 27.48 ppm due to
the 7,14-methyl groups and a peak at 22.91 ppm for the 5,12-methyls of the
meso isomer and a peak at 28.93 ppm for methyl group of the acetate ion. There
are three distinct methylene resonances showing peaks at 42.07 ppm for the
6,13-methylene C’s, peak at 46.61 ppm for the 2,7-methylene C’s, and the third
peak at 52.07 ppm for the 2,7-methylene carbons. A peak at 44.13 is due to the
C’s at 6, 14 positions, other peak at 54.70 is due to C’s at 5,12 positions and
finally a peak at 179.50 ppm is due to the C=O group of acetate ion.
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Figure 2.3. TGA of [Zn(teta)(CH3COO)]PF6.
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Figure 2.4. Single crystal X-Ray structure of [Zn(teta)(CH3COO)]PF6
(1)
Similarly, the formation of nitrate complex [Zn(teta)(NO3)]PF6 (2a) was
confirmed by MS and single-crystal X-ray diffraction. The infrared spectrum also
confirmed the bonding of nitrate ion with a NO frequency at 1520 cm -1 and a
broad PF6 peak at 824 cm-1. Overall, the geometry is again pseudo-trigonal
bipyramidal (Figure 2.6) at zinc with an axial N2-Zn1-N4 angle of 178.61(8) ° and
an equatorial N1-Zn1-N3 angle of 109.34(9) °. The nitrate occupies the third
equatorial site with a O1-Zn1-O2 angle of 55.74(8) °. The nitrate is
asymmetrically k2-O,O-bonded to Zn1 with bond distances of Zn1-O1 = 2.247(2)
Å and Zn1-O2 = 2.367(2) Å. The mass spectrum (Figure 2.5) showed a
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prominent peak for Zn(teta)-H at m/z 347 and another intense peak for
Zn(teta)NO3+H at m/z 410.The structure is reported as nitrato-derivative of
bidentate nitrate coordinated to cobalt in literature. 36

(+EI) obtained by solvent-free direct insertion on a Finnigan Polaris Q.
Figure 2.5. Mass spectrum of [Zn(teta)(NO3)]PF6
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Figure 2.6. Single-crystal X-Ray structure of [Zn(teta)(NO3)]PF6 (2b)
The reaction of teta with Zn(NO3)2•6H2O and further precipitation with
NH4BF4 gave the nitrate complex [Zn(teta)(NO3)]BF4 (2b). It was characterized
by TGA (Figure 2.7) and IR. TGA showed the prominent loss of 9.79 % at 228.19
°C for the NO2, 56.93 % at 316.79 °C corresponding to mass loss of ligand, and
the residue of 20.70 % for ZnO. The infrared spectrum also confirmed the
bonding of nitrate ion with a NO frequency at 1520 cm-1 and a broad BF4 peak at
1023 cm-1
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Figure 2.7. TGA of [Zn(teta)(NO3)]BF4.
The reaction of teta with anhydrous ZnCl2 and further precipitation with
AgBF4 gave the diaqua complex [Zn(teta)(H2O)2](BF4)2 (3a), characterized by
IR, MS and TGA. TGA showed (Figure 2.8) the prominent loss of 85.2 % at
346.72 °C, assumed to be the mass loss of ligand, counterion and a residue of
12.91 % for ZnO. The loss of water molecules is not distinct. The infrared
spectrum confirmed the bonding of water molecules with O-H frequencies of
3598 cm-1 and 3510 cm-1 and a broad BF4 peak at ~1000 cm-1. The mass
spectrum (Figure 2.9) showed a prominent peak for Zn(teta)-H at m/z 347 and
intense peaks for Zn(teta)+H2O at m/z 367 and [Zn(teta)(H2O)2]-H at m/z 383.
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Figure 2.8. TGA of [Zn(teta)(H2O)2](BF4)2

Figure 2.9. Mass spectrum of [Zn(teta)(H2O)2](BF4)2
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We were not able to obtain pure crystals of [Zn(teta)(H2O)2](BF4)2 by
using this procedure. A chloride-containing impurity, [Zn(teta)(Cl)](BF4), along
with the target complex was observed, based on the fact that TGA showed a
major loss of ligand and counterion which is intermediate to both the complex
and impurity. The absence of a peak for the loss of two water molecules
suggests the same mixture. We tried to separate them based on their little
difference in solubilities, but that didn’t worked. So as to overcome this problem,
we used the tetrafluoroborate salt of Zn to get the required compound.
The reaction of teta with Zn(BF4)2•xH2O gave the diaqua complex
[Zn(teta)(H2O)2](BF4)2 (3b).8 The formation of this complex is confirmed by TGA,
IR and elemental analysis. TGA showed the prominent loss of 4.25 % at ~284.9.
°C for the two H2O molecules, 75.31 % at 356.8 °C corresponding to mass loss
of ligand and one counterion and a residue of 14.99 % for ZnO (Figure 2.10).The
infrared spectrum also confirmed the bonding of water molecule with a peak at
3400 cm-1 for (O-H) and broad peak at 1024 cm-1 for BF4.The elemental analysis
data shows, Anal. calcd. for C16H40N4O2B2F8Zn: % C 34.3, % H 7.2, % N 10.0.
Found: % C 34.1, % H 6.7, % N 10.9, it is not exactly turning out for nitrogen but
the closeness of the other two C,H suggests the most close structure for the
above characterization data corresponds to this (C16H40N4O2B2F8Zn) particular
compound only. It is reported as [Zn(teta)(H2O)2]2+ with chloride ions,19 in the
literature
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Figure 2.10. TGA of [Zn(teta)(H2O)2](BF4)2
Reaction of teta with Cu(BF4)2•xH2O gave [Cu(teta)](BF4)2 (4)34 and its
formation was confirmed by TGA, IR and single-crystal X-ray structure. TGA
showed the prominent loss of 65.23 % at 353 °C corresponding to mass loss of
ligand and one counterion and a residue of 16.31 % for CuO (Figure 2.11). The
infrared spectrum confirmed the bonding of BF4 with broad peak at 1025 cm-1.
The most vital characterization part is the single-crystal X-ray diffraction study
(Figure 2.12) which shows that, the overall the structure is pseudo octahedral at
Cu with four N’s, each located corner of the square with a bond angle of
180.00(7) °for N(2)#1-Cu(1)-N(2), 93.91(5) ° for N(2)#1-Cu(1)-N(1)#1 and
86.09(5) ° for N(2)#1-Cu(1)-N(1), with Cu(1)-N(2)#1 at a bond distance of
2.0214(13) Ǻ and Cu(1)-N(1)#1 at a bond distance of 2.0419(12) Ǻ. The teta
ligand

shows

the

chair

confirmation

at

the

trimethylene

ends.

Two

tetrafluoroborate ions are placed symmetrically at equidistance from Cu1 with
weakly bonding distances of Cu1-F1 = 2.5439(8) Ǻ. The structure is reported with
BF4- counterions37, perchlorate ions38 in the literature but the single-crystal X-ray
structure with BF4 counterion is unreported.
37

Figure 2.11. TGA of [Cu(teta)](BF4)239
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Figure 2.12. Single-crystal X-ray structure of [Cu(teta)(BF4)2] (4)
The reaction of teta with Zn(CF3SO3)2•xH2O gave [Zn(teta)(CF3SO3)2]
(5) and its formation was confirmed40 by TGA, IR and single-crystal X-ray
structure. TGA showed the prominent loss of 22.29 % at ~350 °C corresponding
to loss of one triflate ion, 60.18 % loss corresponding to loss of ligand and
second counterion and a residue of 18.32 % for ZnO (Figure 2.13). The infrared
spectrum also confirmed the bonding of triflate with two sharp peaks for SO 36 at
1223 and 1160 cm-1 and a single peak at 1025 cm-1 for CF3. The most vital
characterization part is the single-crystal structure X-ray diffraction study (Figure
2.14) which shows that, the overall the structure is square bipyramidal at Zn with
four N, Each N occupies the corner of a square with a bond angle of 180.00(7)
°for N(2)#1-Zn(1)-N(2), 95.02(8) ° for N(2)#1-Zn(1)-N(1)#1, bond distances of
2.093(13) Ǻ for Zn(1)-N(2)#1 and 2.115 (12) Ǻ for Zn(1)-N(1)#1. The ligand
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shows the chair confirmation at the trimethylene ends and the two triflate ions are
placed symmetrically at equidistance from Zn1 with bond distances of Zn1-O1 =
2.321(2) Ǻ. The structure is reported with MnII ion41 in literature.

Figure 2.13. TGA of [Zn(teta)(CF3SO3)2]
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Figure 2.14. Single-crystal X-ray structure of [Zn(teta)(CF3SO3)2] (5)
Reaction of teta with Co(BF4)2•xH2O gave [Co(teta)(CO3)] (6)40 and its
formation was confirmed by TGA, IR and single-crystal X-ray structure. TGA
showed the prominent loss of 12.09 % at 312.7 °C corresponding to the loss of
CO2, 75.00 % at 316.5 °C corresponding to mass loss of ligand and a residue of
14.59 % for Co metal (Figure 2.15). The infrared spectrum also confirmed the
bonding of CO3 with two sharp peaks8 at 1601 and 1454 cm-1. The single-crystal
structure X-ray diffraction study (Figure 2.16) shows that, the overall the structure
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is pseudooctahedral at Co with axial nitrogens having a bond angle of 178.96(11)
for N(1)-Co(1)-N(1)#1, 101.25(10) ° for N(2)#1-Co(1)-N(2) and 87.16(7) ° for
N(2)#1-Co(1)-N(1) with Co(1)-N(2) at a bond distance of 1.9959(16) Ǻ and Co(1)N(1) at a bond distance of 2.0167(16) Ǻ The bond angle is distorted from 90 °
due to the carbonate ion having a bond angle of 68.93(9) for O(1)#1-Co(1)-O(1).
The two oxygen atoms are placed symmetrically from Co1 with bond distances of
Co(1)-O(1)#1 1.9113(14) Ǻ, the structure is unreported with +2 oxidation state as
a monomeric compound.42

Figure 2.15. TGA of [Co(teta)(CO3)]
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Figure 2.16. Single-crystal X-Ray structure of [Co(teta)(CO3)] (6)
Table 2.1. Selected Bond Lengths [Å] and Angles [ o] for complexes 1, 2a
Table 2.1.1 Bond lengths [Å] 1,
2a
1
2a
Zn1-O1
2.1198(18)
2.247(2)
Zn1-N3
2.128(2)
2.092(2)
Zn1-N1
2.1356(19)
2.096(2)
Zn1-N4
2.1751(19)
2.140(2)
Zn1-N2
2.1837(19)
2.147(2)
Zn1-O2
2.2824(18)
2.367(2)
Zn1-C17 2.523(3)
O1-C17
1.270(3)
N1-C1
1.478(3)
1.483(3)
N1-C13
1.494(3)
1.497(3)
Table 2.1.1(continued)

Table 2.1.2 Bond angles [°] 1, 2a
1
2a
O1-Zn1-N3 152.66(7) 149.51(8)
O1-Zn1-N1 101.63(7) 101.12(8)
N3-Zn1-N1 105.66(8) 109.34(9)
O1-Zn1-N4 96.01(7)
93.19(7)
N3-Zn1-N4 84.66(7)
85.58(8)
N1-Zn1-N4 92.11(7)
95.33(8)
O1-Zn1-N2 89.28(7)
85.44(7)
N3-Zn1-N2 91.80(7)
95.47(8)
N1-Zn1-N2 84.33(7)
85.18(8)
N4-Zn1-N2 174.13(8) 178.61(8)
Table 2.1.2(continued)
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N1-H1
C1-C2
C1-H1A
C1-H1B
O3-N5
O2-N5
O1-N5
O2-C17
N2-C2
N2-C3
N2-H2
C2-H2A
C2-H2B
N3-C9
N3-C5
N3-H3
C3-C7
C3-C8
C3-C4
N4-C10
N4-C11
N4-H4

0.93
1.522(3)
0.99
0.99

1.255(3)
1.484(3)
1.501(3)
0.93
0.99
0.99
1.483(3)
1.494(3)
0.93
1.528(3)
1.542(3)
1.543(3)
1.481(3)
1.509(3)
0.93

0.93
1.516(4)
0.99
0.99
1.217(3)
1.276(3)
1.260(3)
1.490(3)
1.510(3)
0.93
0.99
0.99
1.485(3)
1.491(3)
0.93
1.527(3)
1.543(3)
1.539(4)
1.487(3)
1.505(3)
0.93

O1-Zn1-O2
N3-Zn1-O2
N1-Zn1-O2
N4-Zn1-O2
N2-Zn1-O2
O1-Zn1-C17
N3-Zn1-C17
N1-Zn1-C17
N4-Zn1-C17
N2-Zn1-C17
O2-Zn1-C17
C17-O1-Zn1
C1-N1-C13
C1-N1-Zn1
C13-N1-Zn1
C1-N1-H1
C13-N1-H1
Zn1-N1-H1
N1-C1-C2
N1-C1-H1A
C2-C1-H1A
N1-C1-H1B
C2-C1-H1B
H1A-C1-H1B

59.91(7)
92.99(7)
160.97(7)
85.81(7)
99.07(7)
30.18(8)
122.70(8)
131.59(8)
90.40(8)
95.45(8)
29.74(7)
92.76(15)
113.69(19)
103.62(14)
116.76(14)
107.4
107.4
107.4
109.5(2)
109.8
109.8
109.8
109.8
108.2

55.74(8)
93.87(8)
156.73(8)
84.61(8)
94.40(7)

114.1(2)
102.93(15)
120.01(15)
106.3
106.3
106.3
108.3(2)
110
110
110
110
108.4

Table 2.2 Selected Bond Lengths [Å] and Angles [o] for complexes 4, 5

Zn1-N2
Zn1-N2#1
Zn1-N1#1
Zn1-N1
Cu1-N2#1
Cu1-N2
Cu1-N1
Cu1-N1#1

Table 2.2.1 Bond lengths [Å] for 4 and 5
4
5
4
5
2.093(2)
C1-H1B
0.99
0.99
2.093(2)
C2-C7
1.526(4) 1.5306(19)
2.115(2)
C2-C3
1.537(4) 1.531(2)
2.115(2)
C2-C6
1.535(2)
2.0214(13) C2-C8
1.538(4)
2.0214(13) C3-C4
1.534(4) 1.524(2)
2.0419(12) C3-H3A
0.99
0.99
2.0419(12) C3-H3B
0.99
0.99
Table 2.2.1(continued)
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Zn1-O1
Zn1-O1#1
N1-C1
N1-C2
N1-H1
N2-C5
N2-C4
N2-H2
C1-C5#1
C1-H1A

2.321(2)
2.321(2)
1.478(3)
1.513(3)
0.93
1.477(3)
1.494(3)
0.93
1.526(4)
0.99

1.4861(18)
1.5107(18)
0.93
1.4833(18)
1.4949(18)
0.93
1.508(2)
0.99

C4-C6
C4-H4
C4-C8
C4-H4
C5-C1#1
C5-H5A
C5-H5B
C6-H6A
C6-H6B
C6-H6C

1.528(4)
1
1.529(2)
1
1.526(4) 1.508(2)
0.99
0.99
0.99
0.99
0.98
0.98
0.98
0.98
0.98
0.98

Table 2.2.2 Bond angles [°] for 4 and 5
4

5
180.00(7)
86.09(5)
93.91(5)
93.91(5)
86.09(5)
180

N2-Zn1-N2#1
N2-Zn1-N1#1
N2#1-Zn1-N1#1
N2-Zn1-N1
N2#1-Zn1-N1
N1#1-Zn1-N1
N2-Zn1-O1
N2#1-Zn1-O1
N1#1-Zn1-O1
N1-Zn1-O1
N2-Zn1-O1#1
N2#1-Zn1-O1#1
N1#1-Zn1-O1#1
N1-Zn1-O1#1
O1-Zn1-O1#1
C1-N1-C2
C1-N1-Zn1

180
84.98(8)
95.02(8)
95.02(8)
84.98(8)
180.00(7)
89.64(8)
90.36(8)
87.32(8)
92.68(8)
90.36(8)
89.64(8)
92.68(8)
87.32(8)
180.00(9)
116.9(2)
104.62(15)

C2-N1-Zn1
C1-N1-H1
C2-N1-H1
Zn1-N1-H1
C5-N2-C4
C5-N2-Zn1
C4-N2-Zn1
C5-N2-H2

122.27(16)
122.64(9)
103.6
104.1
103.6
104.1
103.6
104.1
116.0(2)
113.10(11)
105.20(15)
106.83(9)
113.31(16)
117.34(9)
107.3
106.3
Table 2.2.2 (continued)

N2#1-Cu1-N2
N2#1-Cu1-N1
N2#1-Cu1-N1#1
N2-Cu1-N1
N2-Cu1-N1#1
N1-Cu1-N1#1

114.01(11) C1-N1-C2
105.95(9)
C1-N1-Cu1
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C2-N1-Cu1
C1-N1-H1
C2-N1-H1
Cu1-N1-H1
C5-N2-C4
C5-N2-Cu1
C4-N2-Cu1
C5-N2-H2

C4-N2-H2
Zn1-N2-H2
N1-C1-C5#1
N1-C1-H1A
C5#1-C1-H1A
N1-C1-H1B

107.3
107.3
108.4(2)
110
110
110

106.3
106.3
108.60(12)
110
110
110

C4-N2-H2
Cu1-N2-H2
N1-C1-C5#1
N1-C1-H1A
C5#1-C1-H1A
N1-C1-H1B

Table 2.3 Selected Bond Lengths [Å] and Angles [°] for complex 6
Table 2.3.1 Bond lengths [Å] for 6
Co1-O1#1
1.9113(14)
C3-H3A
Co1-O1
1.9113(14)
C3-H3B
Co1-N2#1
1.9958(16)
C4-C6
Co1-N2
1.9959(16)
C4-H4
Co1-N1
2.0167(16)
C5-C1#1
Co1-N1#1
2.0168(16)
C5-H5A
Co1-C9
2.342(2)
C5-H5B
N1-C1
1.493(3)
C6-H6A
N1-C2
1.513(3)
C6-H6B
N1-H1
0.93
C6-H6C
N2-C5
1.480(3)
C7-H7A
N2-C4
1.498(3)
C7-H7B
N2-H2
0.93
C7-H7C
C1-C5#1
1.489(4)
C8-H8A
C1-H1A
0.99
C8-H8B
C1-H1B
0.99
C8-H8C
C2-C3
1.509(4)
C9-O2
C2-C8
1.526(4)
C9-O1#1
C2-C7
1.556(3)
C9-O1
C3-C4
1.514(4)

0.99
0.99
1.527(3)
1
1.489(4)
0.99
0.99
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
1.203(3)
1.326(2)
1.326(2)

Table 2.3.2 Bond angles [°] for 6
O1#1-Co1-O1
O1#1-Co1-N2#1
O1-Co1-N2#1
O1#1-Co1-N2
O1-Co1-N2
N2#1-Co1-N2

68.93(9)
N1#1-Co1-C9
163.69(6)
C1-N1-C2
94.95(7)
C1-N1-Co1
94.95(7)
C2-N1-Co1
163.69(6)
C1-N1-H1
101.25(10) C2-N1-H1
Table 2.3.2( continued)
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90.52(5)
111.79(19)
105.91(14)
122.76(14)
105
105

O1#1-Co1-N1
O1-Co1-N1
N2#1-Co1-N1
N2-Co1-N1
O1#1-Co1-N1#1
O1-Co1-N1#1
N2#1-Co1-N1#1
N2-Co1-N1#1
N1-Co1-N1#1
O1#1-Co1-C9
O1-Co1-C9
N2#1-Co1-C9
N2-Co1-C9
N1-Co1-C9

94.12(7)
86.75(7)
87.16(7)
92.18(7)
86.75(7)
94.11(7)
92.18(7)
87.16(7)
178.96(11)
34.46(4)
34.46(4)
129.38(5)
129.37(5)
90.52(5)

Co1-N1-H1
C5-N2-C4
C5-N2-Co1
C4-N2-Co1
C5-N2-H2
C4-N2-H2
Co1-N2-H2
C5#1-C1-N1
C5#1-C1-H1A
N1-C1-H1A
C5#1-C1-H1B
N1-C1-H1B
H1A-C1-H1B

105
109.90(19)
104.50(13)
119.17(14)
107.6
107.6
107.6
108.44(18)
110
110
110
110
108.4

For the different ligand we then tried the cyclen, which on reaction with
Cu(BF4)2•xH2O gave [{Cu(cyclen)(H2O)}2(µ-CO3)](BF4)2 (7a)23, the IR spectra of
which seemed to indicate coordination of the water, CO 3 and BF4, but this
compound did not yield crystals of X-ray quality. We therefore tried to vary the
recrystallization conditions and the organic constituents of the solution used, but
we couldn’t obtain pure crystals. The complex was characterized by TGA, IR and
elemental analysis. TGA showed the prominent loss of 4.43 % and 4.61 % for
CO2 and two water molecules, loss of 69.86 % at ~310.2 °C corresponding to
mass loss of ligand and two counterions and a residue of 19.44 % for CuO
(Figure 2.17). The infrared spectrum also confirmed the bonding of water
molecule with a peak at 3628 cm-1 for (O-H), multiple peaks around ~1410-1490
for (CO3), broad peak at 1030 cm-1 for BF4. The elemental analysis data shows,
Anal. calcd. for C17H44N8O5B2F8Cu2 : % C 27.55, % H 5.98, % N 15.11. Found :
% C 28.16, %H 6.02, % N 15.57, the closeness of C, H, N values suggests the
most appropriate structure for the above characterization data corresponds to
this (C17H42N8O4B2F8Cu2) particular compound only. The structure is reported
with perchlorate ion.23
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Figure 2.17. TGA of [{Cu(cyclen)(H2O)}2(µ-CO3)](BF4)223
Similarly the reaction of cyclen with the Zn(BF 4)2•xH2O gave [{Zn(cyclen){3(µCO3)](BF4)4•H2O (8)25 that was confirmed by TGA, IR and single-crystal X-ray
structure. TGA showed the prominent loss of 2.16 % and 6.37 % for the CO 2 and
water molecules, 72.12 % at ~397 °C corresponding to mass loss of ligand and
counterion and a residue of 15.35 % for 3ZnO (Figure 2.18). The infrared
spectrum also confirmed the bonding of water molecule with a peak at 3627.05
cm-1 for (O-H), two sharp peaks at 1489cm-1,1445 cm-1 for symmetric and
asymmetric stretches for CO and broad peak at 1033.93 cm-1 for BF4. The
single-crystal structure X-ray diffraction study (Figure 2.19) shows that, the µbridged carbonato complex possesses a pseudo-3-fold molecular symmetry.
Each of the three zinc ions is five-coordinated with the four nitrogen donor atoms
in one plane and one oxygen atom of the carbonate ligand. The metal centers
are shifted from the carbonate plane. The coordination polyhedron of the zinc
atoms can be described as distorted trigonal bipyramidal, although the zinc ions
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are slightly out of the plane of the three primary amines. with a bond angle of
136.66(15) ° for axial N(1)-Zn(1)-N(3) distorted from 180 °, equatorial 113.19(14)
° for N(2)-Zn(1)-O(1), 111.06(14) ° for N(4)-Zn(1)-O(1), and the third equatorial
site is occupied by N(2)-Zn(1)-N(4) with a bond angle of 135.07(15) ° for), and
bond distances of 2.128(13) Ǻ for Zn(1)-N(1), 1.937(12) Ǻ for Zn(1)-O(1), The
structure is trigonal planar at C centre with a bond angle of 120.7(4) ° for O(2)C(25)-O(1), and a bond distance of 1.278(5) Ǻ for C(25)-O(1). Four BF4- ions are
occupying the top positions of each ligand. The compound is unreported with BF 4
counter ion.43

Figure 2.18. TGA of [{Zn(cyclen)}3(µ-CO3)](BF4)4•H2O
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Figure 2.19. Single-crystal X-Ray structure of [{Zn(cyclen)}3(µCO3)](BF4)4•H2O (8).
Table 2.4 Selected Bond Lengths [Å] and Angles [°] for 8
Table 2.4.1.1 Bond Lengths - Zinc Environment
Zn1-O1
Zn1-N2
Zn1-N1
Zn1-N4
Zn1-N3
Zn2-O2
Zn2-N6
Zn2-N8

Zn2-N5
Zn2-N7
Zn3-O3
Zn3-N10
Zn3-N11
Zn3-N9
Zn3-N12
Zn1-N3

1.937(3)
2.128(4)
2.128(4)
2.153(4)
2.159(4)
1.938(3)
2.114(4)
2.116(4)
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2.155(4)
2.169(4)
1.945(3)
2.127(3)
2.133(4)
2.154(3)
2.178(3)
2.159(4)

Table 2.4.1.2 Bond Lengths - Carbonate Environment
C25-O2
C25-O1
C25-O3

1.278(5)
1.281(5)
1.296(5)

Table 2.4.2.1 Bond Angles Zinc environment
O1-Zn1-N2
O1-Zn1-N1
N2-Zn1-N1
O1-Zn1-N4
N2-Zn1-N4
N1-Zn1-N4
O1-Zn1-N3
N2-Zn1-N3
N1-Zn1-N3
N4-Zn1-N3
O2-Zn2-N6
O2-Zn2-N8
N6-Zn2-N8
O2-Zn2-N5
N6-Zn2-N5

113.19(14)
119.98(14)
82.58(15)
111.06(14)
135.07(15)
82.19(15)
103.34(13)
81.27(14)
136.66(15)
81.53(14)
119.85(13)
104.74(13)
135.35(15)
112.59(13)
82.46(15)

N8-Zn2-N5
O2-Zn2-N7
N6-Zn2-N7
N8-Zn2-N7
N5-Zn2-N7
O3-Zn3-N10
O3-Zn3-N11
N10-Zn3-N11
O3-Zn3-N9
N10-Zn3-N9
N11-Zn3-N9
O3-Zn3-N12
N10-Zn3-N12
N11-Zn3-N12
N9-Zn3-N12

82.51(15)
109.58(13)
81.49(14)
81.87(14)
137.47(14)
109.91(13)
114.22(12)
134.72(13)
123.69(13)
82.11(14)
81.94(13)
99.86(12)
81.30(13)
81.79(13)
136.41(13)

Table 2.4.2.2 Bond Angles- Carbonate environment
O2-C25-O1
O2-C25-O3
O1-C25-O3
The

reaction

120.7(4)
119.4(3)
120.0(3)
of

C25-O1-Zn1
C25-O2-Zn2
C25-O3-Zn3

cyclen

with

the

116.4(2)
114.2(2)
112.9(2)
Co(BF4)2•xH2O

gave

[Co(cyclen)(H2O)(OH)](BF4)2•CH3OH (9). It was confirmed by the TGA,
elemental analysis and IR. We could not obtain crystals of X-ray quality for this
complex too. TGA showed the prominent loss of 4.68 % for methanol and 9.86 %
for hydroxyl ion and water, 67.26 % at 388.37 °C corresponding to mass loss of
ligand and one counterion and a residue of 19.10 % for CoO (Figure 2.20). The
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infrared spectrum also confirmed the bonding of water molecule with a peak at
3400 cm-1 for (O-H), broad peak at 1015 cm-1 for BF4. The elemental analysis
data shows, Anal. calcd. for C9H27N4O2B2F8Co: % C 22.9, % H 5.8, % N 11.9
Found: % C 23.1, %H 5.1, % N 11.8, the closeness of all C, N percentages,
suggests the most appropriate structure for the above characterization data
corresponds to this (C9H27N4O2B2F8Co) particular compound only.

Figure 2.20. TGA of [Co(cyclen)(H2O)(OH)](BF4)2•CH3OH
We were unable to obtain pure [Cu(cyclen)(H2O)](BF4)2 (7a) from the
previous route, so we tried another route to get the aqua complex. The reaction
of Cu(CH3COO)2 with cyclen and precipitating the concentrated mother liquor
with saturated solution of NH4PF6 to give [Cu(cyclen)(H2O)](PF6)2 (7b).The
complex was characterized by TGA, and IR. This complex also did not yield
crystals of X-ray quality. TGA showed the prominent loss of 4.6 % for water,
70.12 % at 341.71 °C corresponding to mass loss of ligand and one counterion
and a residue of 17.51 % for CuO (Figure 2.21).The infrared spectrum also
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confirmed the bonding of water molecule with a peak at 3400 cm -1 for (O-H),
broad peak at 1015 cm-1 for BF4.. This compound is reported with perchlorate
ion.22

Figure 2.21. TGA of [Cu(cyclen)(H2O)](PF6)2
The formation of [{Cu(NTB)}2(H2O)]SiF6(BF4)2•(CH3OH)3•(H2O)11 (10) is
confirmed by TGA, IR, single-crystal X-ray and elemental analysis. TGA showed
the prominent loss of 7.1% at 95 °C for the three CH3OH molecules, 12.8 % at
287 °C for the twelve H2O molecules, 38.45% at 355 °C corresponding to mass
loss of ligand less than expected due to SiF6- impurity, 39.60 % for 2CuO, SiO2,
2BF4, SiF6- (Figure 2.22). The infrared spectrum also confirmed the bonding of
water molecule with a peak at 3400 cm-1 for (O-H), broad peak at 1015 cm-1 for
BF4. The single-crystal X-ray structure (Figure 2.23) shows that the compound is
pseudo trigonal pyramidal at Cu with a bond angle of 106.34(6) ° for N(5)-Cu(1)N(7), 117.21(6) ° for N(3)-Cu(1)-N(7) and 129.58(6) ° for N(5)-Cu(1)-N(3) with the
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bond distances of 2.0050(16) Ǻ for Cu1-N5, 2.0122(16) Ǻ for Cu1-N3 and
2.0904(15) Ǻ for Cu1-N7 and the axial position is occupied by the water molecule
with a bond distance of 1.9484(14) Ǻ for Cu1-O1.The BF4 counterion is at the
bottom and SiF6 is sitting at the corner of the crystal with (0,0,0) x, y, z
coordinate. The elemental analysis data Anal. calcd. For C51.35 H78 B2 Cu2 F14
N14 O14.83 Si: % C 39.16, % H 4.96, % N 12.46. Found: % C 40.26, %H 3.81, %
N 12.26, it is not exactly turning out the same for C, H because of the methanol
and water solvents molecules in the crystals lattice.

Figure 2.22. TGA of [{Cu(NTB)}2(H2O)] SiF6(BF4)2•(CH3OH)3•(H2O)11
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Figure 2.23. Single-crystal X-Ray structure of [{Cu(NTB)}2(H2O)]
SiF6(BF4)2•(CH3OH)3•(H2O)11 (10)
Table 2.5 Selected Bond Lengths [Å] and Angles [o] for 10
Table 2.5.1 Bond Lengths - Copper Environment
Cu1-O1
Cu1-N5
Cu1-N3
Cu1-N7
Cu1-N1

1.9484(14) N3-C2
2.0050(16) N3-C8
2.0122(16) N4-C10
2.0904(15) N4-C11
2.1154(15) N4-H4N
Table 2.5.2 continued…
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1.316(2)
1.393(2)
1.339(2)
1.383(3)
0.88

O1-H1O
O1-H2O
N1-C1
N1-C9
N1-C17
N2-C2
N2-C3

0.793(18)
0.791(18)
1.488(2)
1.489(2)
1.491(2)
1.343(2)
1.382(3)

N5-C10
N5-C16
N6-C18
N6-C19
N6-H6N
N7-C18
N7-C24

1.322(2)
1.388(2)
1.348(2)
1.387(3)
0.88
1.317(2)
1.391(2)

Table 2.5.2 Bond Angles - Copper environment
O1-Cu1-N5
O1-Cu1-N3
N5-Cu1-N3
O1-Cu1-N7
N5-Cu1-N7
N3-Cu1-N7
O1-Cu1-N1
N5-Cu1-N1
N3-Cu1-N1
N7-Cu1-N1

98.20(6)
95.00(6)
129.58(6)
103.51(6)
117.21(6)
106.34(6)
175.71(6)
81.39(6)
82.09(6)
80.39(6)

Cu1-O1-H1O
Cu1-O1-H2O
H1O-O1-H2O
C1-N1-C9
C1-N1-C17
C9-N1-C17
C1-N1-Cu1
C9-N1-Cu1
C17-N1-Cu1

116.5(19)
120.0(19)
111(2)
112.14(15)
111.15(14)
110.94(14)
109.06(11)
106.54(11)
106.74(11)

2.8 Conclusion
According to Krishnamurthy et al.44 the detailed studies of structure and
function relationships of secondary ligands demonstrates that the position and
orientation of side chains are very important in the structure of the catalyst and
the level of optimization achieved for a given catalytic function. In order to
achieve optimal binding and catalytic properties and to design an artificial
catalytic center, one needs to consider both the groups immediately and
indirectly linked to the reaction site.44 Zinc teta complexes serve all of the above
properties. We must consider both the ligand structure and the choice of
noncoordinating counterion to optimize CO2 uptake kinetics. We have prepared
five zinc teta catalysts: one acetate (1), two nitrates (2a, 2b), one chloride (3a)
and one aqua complex (3b). The complexes (1, 2a) are different from the
literature in having bidentate acetate and nitrate ions attached to Zn and less
hazardous tetrafluoroborate ions. The zinc teta triflate complex (5) is different
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from literature having NTB ligand. The copper teta complex (4) can be found in
the literature but we are defining its single-crystal structure for the first time. The
cobalt teta (6) monomeric complex with tetrafluoroborate ions is different from the
literature having perchlorate ions. The copper (7), zinc (8) and cobalt (9) cyclen
complexes synthesized are also different from the literature with environmentally
safe BF4- ions, similar is the case with Cu complexes (10) with BIMA ligand. All
the teta complexes show a similar pattern with respect to TGA showing a
prominent loss at ~350°C for the ligand and a residue of ~15-18 % for their
corresponding metal oxides. The IR of almost all complexes shows the
characteristic peaks for, NH at 3200 cm-1 , ~1000 cm-1 for BF4 and ~820 cm-1 for
PF6 and OH at ~3500 cm-1 for hydroxy or aqua complexes.
Looking at the results of other complexes tested at CAER, a copper cyclen
complex with perchlorate counterion was the best so far. The potentially
explosive character of perchlorate salts was a safety concern; we then
concentrated on the synthesis of Cu, Co and Zn cyclen complexes with BF 4- and
PF6

-

counterions. Our first target was [Cu(cyclen)(H 2O)x](BF4)2 followed by

related

complexes.

We

also

planned

to

compare

tris-(2-

benzimidazolylmethyl)amine (BIMA) with Zn complexes, prepared by a Dunbar
High School student, Christopher Sato. We also synthesized tris(pyrazolyl)borate
zinc complexes (Tp-ZnII-OH) according to literature (Vahrenkamp and Parkin21 as
mimics of the active site of CA. These tripodal ligands bind Zn II in a tetrahedral
geometry and reduce the pKa of the fourth aqua ligand to 6.5. More importantly,
the hydrophobic pocket, created by the pyrazole rings and the substituents at the
3-position, prevents the formation of dinuclear complexes with a μ- hydroxy
ligand bridging two zinc sites. We also hope to examine tris(pyrazolyl)borate
complexes in future. The further detailed catalytic studies of all the above
complexes can be seen in the chapter 3.
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Chapter 3. Catalysis
3.1 Introduction
Catalysis is the change in the rate of a chemical reaction due to the
participation of a substance known as catalyst, which is not consumed by the
reaction unlike other reagents that participate in the chemical reaction; it may
participate in multiple chemical transformations. Catalytic reactions result in
higher reaction rates at the same temperature due to lower rate-limiting free
energy of activation than the corresponding uncatalyzed reaction.
Kinetically, catalytic reactions are typical chemical reactions. The reaction
rate depends on the frequency of contact of the reactants in the rate-determining
step. Usually, the catalyst participates in this slow step, and rates are limited by
amount of catalyst and its "activity". The catalyst works by providing an
alternative reaction pathway to the product.
Davison and Rochelle45 have reviewed the use of alkanolamine solvents
in CO2 hydration. CO2 is a weakly acidic gas that is absorbed into a weakly basic
amine solvent. The tertiary amines and hindered amines form the bicarbonate ion
in a reaction with water whereas both primary and secondary amines form
carbamate ion, RNHCOO– as shown below 9 (Equations 1, 2 and 3).
CO2 + 2 RNH2 → RNHCOO - + RNH3+

1

CO2 + R3N + H2O → HCO3- + R3NH+

2

CO2 + H2O → H2CO3 (H++ HCO3-)

3

The absorption capacity of tertiary amines is twice that of primary or
secondary amines; however, the rate of absorption is lower according to
Davidson, Trachtenberg and Bao.46 Our research concentrated mainly on
synthesizing and characterizing those catalysts that could mimic enzyme CA. We
conducted all of the experiments at CAER in a WWC reactor with
monoethanolamine as a solvent. First we studied the basic nature of the enzyme,
how zinc complexes can be compared to it, and later the effect of varying the
ligand, metals and finally the counterions on the hydration reaction of CO 2.
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3.2 Carbonic anhydrase and its mechanism
CA is an enzyme found in virtually every animal and plant with the
catalytic function of converting CO2 to bicarbonate hydration and the reverse
bicarbonate dehydration. CA has a molar mass of around 30,000 Da with a ZnII
ion located at the active site, coordinated through three histidine amino acid
residues and a water/hydroxide.12 CA is one of the fastest enzymes known, with
one molecule able to convert a million molecules of substrate into bicarbonate
per second. Lindskog and Liljas47 emphasized on the role of orientation of OH in
catalyst and according to Trachtenberg et al. the CA is 4,000 times faster than
MEA in terms of catalytic activity.
The catalytic mechanism of CA can be discussed from pH dependences
of the catalytic activity. The most widely accepted catalytic mechanism has been
summarized concisely by Nakata et al.48 and Bräuer et al.50 as follows.
1. His3-Zn-OH is produced by deprotonation of zinc-bound H2O.
2. Nucleophilic attack of His3-Zn2+-OH on CO2 to form His3-Zn2+HCO3-.
3. Ligand exchange - the zinc bound HCO3- ligand is replaced by H2O and
His3- Zn2+-OH2 is reformed.27
Christianson49 and Fierke26 have shown the same mechanism in Figure 2.1 and
in their review they have also suggested that the zinc ion in CA uses a proton
shuttle of amino acids to achieve the fast deprotonation of the ligated water to the
active ligated OH- form. This activity is further enhanced by CA metallo-protein a
hydrophobic pocket According to Nakata et al.49 the mechanistic step facilitated
by the zinc is the same in both the enzyme and the mimicking complexes but the
complexes lack the proton shuttle enhancement; that makes CA a considerably
faster catalyst than the smaller Zn II complexes. Further, diffraction studies by
these authors have shown that the hydrophobic pocket of CA is not relevant in
the zinc-cyclen complex. According to Kimura,50 since the ligated water in CA
has pKa around 6.8 and the predominant form of CA above pH 6.8 will be the
L3Zn-OH- form. This OH– form catalyses the hydration of CO2 to HCO3-ion, while
below pH 6.8 the L3Zn-OH2 is the predominant form which catalyses the
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dehydration of the HCO3- ion the reverse reaction. ZnII has a high affinity for
HCO3- as a monodentate ligand, Koike and Kimura50,51 postulated that if the zinc
were more acidic, the HCO3- may become deprotonated to CO32- and act as a
bidentate ligand. According to Vahrenkamp,5 the pKa of unbound water is around
5.5, but in presence of the zinc metal the pKa of the bound water is reduced to
around 7-8 pKa units in CA (similarly in mimetic zinc complexes) making OHavailable to react with CO2 at near neutral pH.
3.3 Basic principle
The basic principle for the calculation of hydration reaction of CO 2 is
based on Fick’s law
1. Fick's first law relates the diffusive flux to the concentration field. 57
2. The flux goes from regions of high concentration to regions of low
concentration, with a magnitude that is proportional to the concentration
gradient.
3. J=-DδФ/δx
4. J is the diffusion flux in dimensions of amount of substance/length −2.time−1.
5. J measures the amount of substance that flows through a small area
during a small time interval.
6. D is the diffusion coefficient or diffusivity in dimensions of length2
time−1,
7. Ф (for ideal mixtures) is the concentration in dimensions of amount of
substance length−3
8. x is the position [length]
9. In our research we are studying the CO2 loading (mol/mol of MEA) versus
the flux (mol.cm-2.sec-1)
10. Flux = ∆ % CO2 ( inlet % CO2 - outlet % CO2 )
Span gas is the standard (14% CO2) gas, which is treated as a reference for
our calculations.
3.4 Test conditions For all our catalysts we prepared 1 mM concentration in
5 M MEA (610 g MEA was dissolved in deionized water and made up the volume
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to 2 L). The catalysts were tested at 25 °C using two flow conditions for the gas
(6.24 SLPM ,12.00 SLPM) to study the effect of flow variation. The flow of the
liquid was 180 cm3/min. 14 % CO2 gas was bubbled into the WWC using a
mixture of N2 and CO2 gases and the outlet CO2 was measured with CO2 IR
analyzer. The samples were collected at every cycle when the value of outlet
CO2 was saturated. Before starting the experiment the reference value was taken
from the standard CO2 gas, once the solution is maintained at 25 °C the solution
was allowed to pass on through the wetted wall column where in, it is allowed to
react with the 14 % CO2 gas and once the sample is saturated with the gas, the
reading at the CO2 (IR) analyzer is noted and the sample is collected for pH,
density and CO2 loading tests. The results were calculated by plotting the CO 2
loading (mol/kg) vs. flux (mol•cm-2•sec-1). The liquid sample is analyzed for total
dissolved inorganic carbon content using an adaptation of a high-accuracy
measurement method.
3.5 Calculations
The calculations are done using a NI LabVIEW 2010 (32-bit) with FieldPoint
software (Version 6.0.5), in which the time in, time out and all other data are fed
manually into the data sheet. The raw data includes the values for span CO 2 gas,
CO2 loading, pH and densities of the solutions at that particular time The
following is the template for the hand input data. (The time and data in the tables
can be seen in the actual calculations not in template)
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Table 3.1. Table for the hand input data in NI LabVIEW 2010 (32-bit)

Once the raw data is fed in the hand input system, the system will
automatically calculate the results as per the table below on pressing the toggle
button for “clean and calculate” (Table 3.2).
Table 3.2 Table of final results from the calculations of hand input
data

3.6 Results and discussion
Initially, we tested the teta complexes, i.e., the Zn acetate (1), the Zn
nitrate complex with PF6- (2a) and BF4- (2b) counterions, Cu(teta) (4) and
[Co(cyclen)(H2O)(CH3OH)](BF4)2 (9), of which only the moderately positive
results are shown (Figure 3.1). From the figure it is hard to explain the effect of
the catalysts on CO2 hydration reaction, hence, the linear regression equation
was fitted. The increase in flux was calculated at two different positions i.e., lean
(0.25) and rich (0.42) positions to avoid limited mass transfer in the first few data
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points, using the equation obtained after the fit and the calculations can be seen
in (Table 3.3).

Figure 3.1. Effect of ZnII , CuII and CoII complexes on the flux of CO2
absorption in MEA solution at 25 oC, 6.24 SLPM

Table 3.3. Results of catalysts on CO2 hydration at 6.24 SLPM

From the table we can see that only [Zn(teta)(CH3COO)](PF6) (1),
[Cu(teta)](BF4)2 (4)

and [Co(cyclen)(H2O)(CH3OH)](BF4)2 (9) showed modest

gains at both rich and lean conditions, and [Zn(teta)(H2O)2](BF4) (3b) showed the
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negative impact on the CO2 hydration reaction. This can be well explained
depending on the symmetry and structure of the complexes. In case of complex
(1) the structure is pseudo trigonal bipyramidal with a labile acetate ion on the
third equatorial site making it exchangeable with hydroxyl ion in solvent to attack
CO2, Cu-teta is pseudo octahedral presumably creating specificity pocket on the
top to react with CO2 and the symmetry of the other two is not known, but from
the elemental analysis we can say that the other two compounds have got aqua
molecules on it, and the pKa of these aqua molecules is assumed to make the
complexes good for CO2 capture.
After testing Zn teta catalysts at 6.24 SLPM with NO 3-, OAc-, BF4-, and
PF6-, on WWC and based on the previous results from CAER, it was observed
that Zn teta complexes with acetate showed a significant increase in the flux of
CO2 absorption whereas the nitrate showed a inhibiting effect. So this shows that
the difference in electronegativity and nucleophilicity4 of ions directly attached to
the zinc effects the rate CO2 hydration reaction with specific reverse order.
Then, we tested the catalyst with varying gas flow conditions. For the change in
ligand effect we tested the cyclen catalyst (7a), and metal effect we tested the Cu
teta catalyst (4) and for the different counterions we tested the fluoroborate
complexes and triflate complex (5). All these catalysts were tested at 12.0 SLPM
because WWC is kinetically limited the increased gas flow rate should not
change the results and the effects can be seen in the Figure 3.2. The
calculations are similar to the one made at 6.24 SLPM and can be seen in (Table
3.4)
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Figure 3.2. Effect of ZnII and CuII complexes on the flux of CO2
absorption in MEA solution at 25°C, 12.00 SLPM
Table 3.4 Results of catalysts on CO2 hydration at 12.00 SLPM

From table 3.4 we can see that out of the three catalysts that were used
for CO2 hydration using WWC at 12.0 SLPM at 25 °C only two catalysts, i.e.,
[Cu(teta](BF4)2 (4), and [{Cu(cyclen)(H2O)}2(CO3)](BF4)2 (7a),52 showed a
moderate gain at lean condition and a significant effect at rich conditions when t
ese are calculated with extrapolation. After observing that the flux at rich position
was dissimilar to the flux at lean condition, we sought the cause of this difference
by comparing all the catalysts under the same conditions (i.e., at 6.24 SLPM).
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Although the pKa of the solution8 has a major effect on CO2 hydration rate, pKa
was not varied in our study. Finally we realized that change in gas flow rate
cannot be a good factor to enhance the catalytic activity.
3.7 Summary of the catalysts
Table 3.5 summarizes the catalysts synthesized, characterized and tested
so far. Only a few catalysts showed a significant result that can be attributed to
their structure, orientation of the ligand, the counterion and also the OH ion of the
aqua complexes. Their CO2 loading and flux are shown in Table 3.3.
Table 3.5 Summary of the catalysts synthesized, characterized and
tested on WWC.

+ Positive results, – Negative results, either at 6.24 or 12.00 SLPM
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3.8 . Conclusion
We successfully synthesized and characterized eight catalysts that are
stable at temperatures 100 to 300 °C and cost effective compared to CA in terms
of their utilization in power plants to reduce CO 2 emissions. All but Zn acetate (1)
and NTB complexes 12 and 13 are soluble in the aqueous MEA.
Out of eight catalysts that were tested we found three catalysts showed
moderately positive effect at 6.24 SLPM i.e., [Zn(teta)(CH 3COO)](PF6) (1),
[Cu(teta)](BF4)2 (5)

and [Co(cyclen)(H2O)(OH)](BF4)2•(CH3OH) (9) and two

catalysts showed positive effect at 12.0 SLPM i.e., [Cu(teta)](BF 4)2 (5) and
[{Cu(cyclen)(H2O)}2(CO3)](BF4)2 (7a)
Overall we can say that the catalysts synthesized so far are not the most
efficient ones for CO2 capture, but these studies can be laid as a preliminary step
for future, since similar catalysts with perchlorate as counterion have been shown
to have good catalytic activity, but the effect goes with the BF 4- , NO3counterions and finally based on the literature9 it can be expected that these
studies might be effective with triflate and substituted NTB ligands.
Finally, the synthesis and characterization of eight catalysts was
successful but their catalytic efficacy was low. Future studies will examine the
effects of the environment of the metal, the pKa of the bound water and the
nature of the counterion on enhancing catalytic activity. More catalyst studies are
required to give statistically significant data. In future our group may extend our
study to the complexes of substituted tris(benzimidazolylmethyl)amine (BIMA)
and anionic tripodal tris(pyrazolyl)borates53 to see the effect on CO2 hydration.
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Appendix 1: Tables for the crystallographic data
Table A1.1 Crystal Data and Structure Refinement for Compounds 1, 2a, 6
1
2a
6
C18 H39 F6 N4 O2 P
C16 H36 F6 N5 O3 P C17 H36 Co N4
Formula
Zn
Zn
O3
Formula weight 553.87
556.84
403.43
T/K
90.0(2) K
90.0(2)
90.0(2)
Wavelength Å
0.71073
0.71073
0.71073
Crystal system, Monoclinic,
Orthorhombic,
Orthorhombic,
Space group
P 21/n
P 212121
P 212121
a, Å
9.4187(1)
9.6408(1)
9.3734(19)
b, Å
30.1227(4)
14.9947(1)
16.8741(13)
c, Å
9.6361(1)
16.2718(2)
7.153
α,(o)
90
90
90
o
β, ( )
116.8093(6)
90
90
o
γ, ( )
90
90
90
V, Å3
2440.06(5)
2352.27(4)
1131.4(4)
Z
4
4
2
dcalc, Mg/m3
1.508
1.572
1.184
Absorption coef
μ (mm-1)
1.14
1.187
0.778
F(000)
1160
1160
634
Crystal size
0.25 x 0.20x
(mm3)
0.28 x 0.26 x 0.24
0.30 x 0.28 x 0.02 0.14
θ range (o)
2.46 to 27.47
1.85 to 27.47
2.85 to 27.48
Limiting indices -12≤h≤12,
-12≤h≤12,
-12≤h≤12,
-39≤k≤39
-19≤k≤19
-21≤k≤21
-12≤l≤12
-21≤l≤21
-9≤l≤9
Reflections
collected
10926
48039
24673
Independent
5577 [R(int) =
5400 [R(int) =
2598 [R(int) =
reflections
0.0292]
0.0680]
0.0510]
SemiAbsorption
Semi-empirical
Semi-empirical
empirical from
correction
from equivalents
from equivalents
equivalents
Max. and min.
transmission
0.772 and 0.741
0.977 and 0.717
0.892nd 0.736
Refinement
method
SHELXL-97
SHELXL-97
SHELXL-97
Full-matrix
Refinement
Full-matrix leastFull-matrix leastleast-squares
method
squares on F2
squares on F2
on F2
Data / restraints
/ parameters
5577 / 0 / 296
5400 / 0 / 295
2598/ 0 / 120
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Table A1.1. (continued)
Goodness-of-fit
on F2
Final R indices
[I>2sigma(I)]
R indices (all
data)
Largest diff.
peak and hole

1.054
R1 = 0.0401, wR2
= 0.0946
R1 = 0.0606, wR2
= 0.1042
0.892 and -0.554 e
Å-3

1.058
R1 = 0.0342, wR2
= 0.0807
R1 = 0.0440, wR2
= 0.0856
0.529 and -0.576
e Å-3

1.109
R1 = 0.0308,
wR2 = 0.0843
R1 = 0.0316,
wR2 = 0.0849
0.539 and 0.327 e Å-3

Table A 1.2 Crystal Data and Structure Refinement for Compounds 4, 5
4
5
C18 H36 F6 N4 O6 S2
Formula
C16 H36 B2 Cu F8 N4
Zn
Formula weight
521.65
648
T/K
90.0(2)
90.0(2)
Wavelength Å
1.54178
0.71073
Crystal system
Monoclinic
Monoclinic
Space group
C 2/c
P 21/n
a, Å
13.2662(4)
9.3631(1)
b, Å
11.4849(4)
10.4320(1)
c, Å
16.2282(5)
13.3861(2)
o
α,( )
90
90
o
β, ( )
114.13
91.5835
o
γ, ( )
90
90
3
V, Å
2256.56(13)
1307.00(3)
Z
4
2
3
dcalc, Mg/m
1.535
1.647
Monochromator
Graphite
Graphite
Absorption coef μ (mm1
)
2.072
1.184
F(000)
1084
672
3
Crystal size (mm )
0.10 x 0.08 x 0.07 mm
0.22x 0.18 x 0.14 mm
θ range (deg)
5.31-68.41
2.48-24.99
Limiting indices
-15≤h≤15,
-11≤h≤11,
-13≤k≤13
0≤k≤12
-16≤l≤19
0≤l≤15
Reflections collected
15730
29749
Independent
reflections
2053 [R(int) = 0.0389]
2299 [R(int) = 0.0380]
Table A1.2. (continued)
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Absorption correction
Max. and min.
transmission
Refinement method
Refinement method
Data / restraints /
parameters
Goodness-of-fit on F
Final R indices
[I>2sigma(I)]

2

R indices (all data)
Largest diff. peak and
hole

Semi-empirical from
equivalents

Semi-empirical from
equivalents

0.773and 0.691
SHELXL-97
Full-matrix leastsquares on F2

0.852and 0.781
SHELXL-97
Full-matrix leastsquares on F2

2053 / 0 / 146

2299 / 0 / 172

1.086
R1 = 0.0249, wR2 =
0.0682
R1 = 0.0257, wR2 =
0.0690

1.063
R1 = 0.0374, wR2 =
0.0919
R1 = 0.0405, wR2 =
0.0941

0.264 and -0.388 e Å-3

1.515 and -0.700 e Å-3

Table A 1.3 Crystal Data and Structure Refinement of 8
Identification code
k10193
Formula
C25 H62 B4 F16 N12 O4 Zn3
Formula weight
1138.22
TK
90.0(2) K
Wavelength Å
0.71073
Crystal system
Orthorhombic
Space group
P 21 21 21
a, Å
13.0250(1)
b, Å
15.8623(1)
c, Å
22.0510(1)
o
α,( )
90
o
β, ( )
90
o
γ, ( )
90
3
V, Å
4555.88(5)
Z
4
3
dcalc, Mg/m
1.659
Monochromator
Graphite
-1
Absorption coef μ (mm )
1.679
F(000)
2328
3
Crystal size (mm )
0.25 x 0.22 x 0.16 mm
o
θ range ( )
1.58 to 27.48
Reflections collected
97804
Table A1.3. (continued)
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Independent reflections
Max. and min. transmission
Data / restraints /
parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

10441 [R(int) = 0.0810]
0.7750 and 0.679
10441 / 3 / 583
1.127
R1 = 0.0372, wR2 = 0.1109
R1 = 0.0428, wR2 = 0.1143
1.006 and -0.837 e Å-3

Table A1.4 Crystal Data and Structure Refinement of (10)
10
Formula
C51.35 H78 B2 Cu2 F14 N14 O14.83 Si
Formula weight
1571.59
T/K
90.0(2)
Wavelength Å
1.54178
Crystal system
Triclinic
Space group
P1
a, Å
10.8160(2)
b, Å
13.7558(3)
c, Å
14.0715(5)
α,( o)
118.516(1)
o
β, ( )
101.512(1)
o
γ, ( )
101.053(1)
3
V, Å
1699.51(8)
Z
1
3
dcalc, Mg/m
1.536
Monochromator
Graphite
-1
Absorption coef μ (mm )
1.916
F(000)
811
3
Crystal size (mm )
0.12 x 0.11 x 0.02 mm
o
θ range ( )
3.70 to 68.29
Reflections collected
23902
Independent reflections
6114 [R(int) = 0.0368]
Max. and min. transmission
0.963 and 0.774
Data / restraints / parameters 6114 / 48 / 511
Goodness-of-fit on F2
1.046
Final R indices [I>2sigma(I)]
R1 = 0.0346, wR2 = 0.0905
R indices (all data)
R1 = 0.0370, wR2 = 0.0927
Largest diff. peak and hole
0.525 and -0.400 e Å-3
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Appendix 2: Abbreviations
CO2

Carbondioxide

PCC

Post combustion capture

CCS

Carbondioxide Capture and storage

CA

Carbonic Anhydrase

MEA

Monoethanol amine

Teta

1,5,7,7,12,14,14-Hexamethyl-1,4,8,11tetraazacyclotetradecane,

Cyclen

1,4,7,10-Tetraazacyclododecane,

BIMA

Tris-(2-benzimidazolylmethyl)amine,

WWC

Wetted-wall column

BF4-

Tetrafluoroborate ion

PF6-

Hexafluorophosphate ion

NO3-

Nitrate ion

CH3COO-

Acetate ion

CAER

Centre for Applied Energy Research

CSIRO

The Commonwealth Scientific and Industrial Research
Organization

MDEA

Methyl diethanol amine

DEA

Diethanol amine

VLE

Vapor liquid equilibrium

SLPM

Standard litres per minute

AgBF4

Silver tetrafluoroborate

TlBF4

Thallium tetrafluoroborate

Cu(BF4)2.xH2O

Copper tetrafluorborate
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Zn(BF4)2.xH2O

Zinc tetrafluorborate

Co(BF4)2.6H2O

Cobalt tetrafluorborate hexahydrate

Cu(CH3COO)2.2H2O Copper acetate dehydrate
Zn(CH3COO)2.2H2O Zinc acetate dehydrate
Zn(NO3)2.2H2O

Zinc nitrate dehydrate

Zn(CF3 SO3)2.xH2O Zinc triflate dihydrate
NH4PF6

Ammonium hexafluorophosphate

NH4BF4

Ammonium tetrafluoroborate

CDCl3

Chloroform-d1

DMSO-d6

Dimethyl sulfoxide-d6

D2O

Deuterated Water

XRD

X-Ray Diffraction

TGA

Thermo gravimetric analysis

ATR

Attenuated total reflection

FT-IR

Fourier transform Infrared

EI

Electron Ionization

MS

Mass Spectrometer

CH3OH

Methanol

C2H5OH

Ethanol

FAB

Fast atomic bombardment

ZnCl2

Zinc chloride

ZnO

Zinc oxide

CuO

Copper oxide

CoO

Cobalt oxide

SiO2

Silicon dioxide
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His

Histidine
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